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Preface 


Commercial reconnaissance of fish and other aquatic items is achieved by various 
methods and means. One of the main technical means of search and reconnaissance 
is acoustic location. 

Acoustic fish location has recently been widely applied to fisheries. It enables 
efficient investigation of wide expanses of water, location of fish concentrations, 
determination of their density and depth, estimation of the commercial significance, 
and a targeted catch. Acoustic technique has proved to be indispensable to fish 
reconnaissance and fisheries. Mass application of acoustic equipment on search and 
commercial vessels has made it possible to increase the efficiency of fishing and 
targeted trawling of concentrations by commercial fleets, thereby enhancing the 
industrial exploitation of the World Ocean resources. 

The modern development of fish location is characterized by the aspiration to a 
wider practical application of the acoustic method of biomass estimation. This has 
been motivated by stock reduction of some basic species and by the introduction of 
200-mile fishery zones on continental shelves. In the near future, wide-scale incul¬ 
cation of the acoustic method of biomass estimation should lead to an updated system 
of observation and control in fisheries, which, in turn, will promote greater efficiency 
in the exploitation of marine resources. 

For scientific search and fishing purposes, there are many acoustic instruments 
that allow fish detecting at practically any depth. There are instruments for estimating 
the density of concentrations, their size composition, and their movement direction 
and speed. The application of locating equipment under various conditions contrib¬ 
utes a great deal to both theoretical and practical investigations. All this enabled 
developing and deepening the theory of fish location, improving the fish-finding 
technique as well as the methods of its use. 

A myriad of publications deal separately with the theoretical, technical, and 
practical aspects of fish location. The various applications of acoustic instruments 
in fisheries are presented; questions of species, size, and quantitative interpretation 
of readings are considered. The results of these studies are given, in particular, in 
the proceedings of the International Symposia and Conferences on Fisheries 
Acoustics and in a great number of separate papers. Specific aspects of the overall 
problem of acoustic fish reconnaissance are considered in the books. Flowever, 
until now, there has not been any work that presents the subject systematically, 
detailing all major aspects of applying acoustic equipment in commercial fish 
reconnaissance and offering sufficient analysis of the possibilities of fish-finding 
technique. 

The proposed monograph is the first overview of the theoretical and practical 
theses, encompassing all the main aspects of acoustic search, detection, interpreta¬ 
tion, and estimation of populations of fish and other aquatic items for the purposes 
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of tracking commercial concentrations and making decisions for their exploitation. 
The authors integrate the numerous problems into the general term Acoustic Fish 
Reconnaissance. The book considers technical and biological arguments, both of 
which impact upon the efficiency of operation of fish-finding instruments. The 
essence of the physical phenomena occurring in the process of acoustic fish location 
is closely connected to the practical knowledge gained while applying instruments 
during acoustic surveys and fisheries. Special attention is paid to questions of theory 
and practice of accounting surveys for quantitative estimation of biological resources 
and fishing conditions in traditional fishing areas. 

The analysis of various aspects of the application of acoustic technique in fish 
reconnaissance is based mainly on the results of the authors’ investigations. The 
results of estimating the applicability of fish-finding instruments, obtained by Dr. 
Yudanov during the research period, together with recommendations on the devel¬ 
opment and improved application of the acoustic techniques for fishing fleets, make 
up a considerable part of the book. Dr. Yudanov outlined the results of his work in 
a monograph (Yudanov, K.I., Interpratation of Echograms of Hydroacoustics Fish- 
Finding Instruments, Vilim, E., Trans., Keter Press, Jerusalem, Israel, 101, 1971). 
The main theses of the book, related to the method of aquatic biomass estimation, 
were developed by the authors during their joint research at the All-Union Research 
Institute of Marine Fisheries and Oceanography (VNIRO), Moscow, aimed at the 
inculcation and applied use of acoustic surveys. The main results of these studies 
are published in the peer-reviewed proceedings of the International Symposia and 
Conferences on Fisheries Acoustics. 

The book is completed by the research conducted over the last 15 years. Dr. 
Kalikhman, working at the Kinneret Fimnological Faboratory of Israel Oceano¬ 
graphic and Fimnological Research Ftd., has further developed and considerably 
deepened the theoretical aspects of acoustic surveys. The results of his research are 
published in a reference book on environmental monitoring (Kalikhman, I., Patchy 
Distribution Fields: Acoustic Survey Design and Reconstruction Adequacy, in Envi¬ 
ronmental Monitoring, Wiersma, G.B., Ed., CRC Press, Boca Raton, 465, 2004) and 
international scientific journals including Environmental Monitoring and Assess¬ 
ment, ICES Journal of Marine Science, Freshwater Biology, and others. The authors’ 
achievements have thus been accepted by the International Acoustical Society and 
have augmented the world’s knowledge in the area of acoustic fish reconnaissance. 
The book also presents in a systematic form the main results of the other experts 
dealing with application of acoustic instruments for investigations and fisheries 
needs. 


Dr. I.L. Kalikhman 
Dr. K. Yudanov 
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Introduction 


The present monograph is engaged with the questions of sound scattering by marine 
animal concentrations, search and detection of items, species and size interpretation 
of echo signals, and quantitative estimation of biological resources and fishing 
conditions. The problems, under the term “Acoustic Fish Reconnaissance,” can be 
divided into nine major groups; each group of questions forms a corresponding 
chapter. 

Chapter 1 reflects the problem of sound scattering by commercial items. Knowl¬ 
edge of the regularities of scattering is crucial for establishing the dependence of 
value and pattern of echo signals on the parameters of aquatic animal concentrations. 
Results of experimental measurements of acoustic characteristics of individual items 
are given regarding swim bladder and bladderless fish as well as other marine 
animals, while the analytical solution of the problem is obtained pertaining to swim 
bladder fish alone. Regularities of the Rayleigh, coherent, and multiple sound scat¬ 
tering by item concentrations are considered in this chapter in detail. Classification 
of echo signals allows one to detect and correctly interpret aquatic animals in 
practically all important cases. The statistical analysis and treatment of fluctuations 
of echo signals makes it possible to substantially increase the range of detection of 
commercial items by acoustic equipment. 

Chapter 2 describes the question of determining the scouting characteristics of 
acoustic instruments. The reasons for the specific requirements in the mentioned 
characteristics are the differences in the reflectivity of concentrations of marine 
animals, the necessity to detect them, and species and quantitative interpretation of 
echo signals. The first, and most important, condition is the maximal range and the 
zone of detecting aquatic animals by an acoustic instrument; another is sufficiently 
high resolution by range and angle. This chapter shows how characteristics of 
fish-finding devices can be determined and to which extent they satisfy the required 
demands. The rational choice of acoustic instruments’ major parameters is consid¬ 
ered as well. 

Chapter 3 discusses questions related to the search for aquatic animals with 
acoustic instruments. Search is a step in a process of reconnaissance aimed at the 
detection of commercial fish concentrations. Search possibilities largely depend upon 
the shapes of distributions of marine animals by the water area and depth, which 
are considered in detail. The methods of optimizing the grid in the geological 
reconnaissance of minerals, based on the solution of the Buffon-Barbier problem, 
are applied to the acoustic search for commercial items. The tactics of a background 
survey are usually based upon the condition of commercial significance of a popu¬ 
lation. Examples of choosing the distance between transects of such a survey are 
given regarding various dimensions and shapes of concentrations. 
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Chapter 4 addresses the problem of efficiency of detecting commercial fish 
concentrations with acoustic instruments. This chapter examines the general limiting 
factors in detecting marine animals by echo sounder, consisting of a spherical wave 
front and masking of bottom fish by the unevenness of the ground. The peculiarities 
of detecting commercial items are considered in detail, such as a nonuniform scale 
of registrations, wide transducer directivity diagram, or additional reflections inside 
the concentration, from the sea surface and the bottom. Possibilities of detecting 
fish concentrations by sonar with various bottom compositions and heights of 
unevenness of the ground are also examined. Questions connected to the angle of 
incidence of the acoustic beam are discussed. Methods of experimental measure¬ 
ments of parameters of equipment over special proving grounds are described. 

Chapter 5 deals with the questions of species and size interpretation of recordings 
of commercial item concentrations. Determining the composition of concentrations 
by acoustic data is very important in fisheries, in search and investigation, when 
studying the distribution and behavior of fish and other marine items; in estimating 
their commercial significance; and in controlling the state of stocks, etc. Interpreta¬ 
tion of recordings is done visually, by analyzing echograms or automatically, from 
readings of specially elaborated equipment. For the latter purpose, devices are 
developed operating at some specific optimal frequency or at the resonance frequency 
of the swim bladder, using the dependence of the target strength on the fish length 
(the method of Craig and Forbes) and instruments with dual, conic, and split beams. 

Chapter 6 encompasses questions related to quantitative interpretation of record¬ 
ings of commercial item concentrations. The quantitative estimation is important in 
fisheries for detecting and targeted fishing of the densest areas of concentrations, 
when studying the biological regularities of behavior and distribution of sea animals 
and while assessing fishing resources. The analytical expressions for determining 
the density of commercial concentrations given are, in fact, the algorithm of com¬ 
puter treatment of acoustic survey data. The step-by-step and through methods of 
calibration of acoustic instruments are considered, as well as the method of inter¬ 
calibration of devices. Possibilities of quantitative interpretation of recordings of 
echo sounder and sonar are examined regarding various types of behavior and 
distribution of commercial items. 

Chapter 7 considers various aspects of the problem of acoustic surveys of 
biological resources and fishing conditions. The chapter discusses questions related 
to the tactics of surveys (including choice of survey periodicity, initiation, type, 
mode and duration), collection and treatment of data (determination of ichthyologic 
and oceanographic characteristics), and acoustic survey errors (the bias of biomass 
estimate and unbiased error of fish distribution). Practice and perspectives of acoustic 
surveys are discussed and so are the main results of the surveys, currently carried 
out in the majority of fishing regions of the World Ocean. A method of determining 
the economical efficiency of acoustic surveys is suggested; the peculiarities of the 
method regarding surveys of fishing conditions and those of biological resources 
are considered. 

Chapter 8 introduces the reader to fisheries-acoustic surveys, which can only be 
carried out in the areas where a fishing fleet operates. For precise and operative 
estimation of fishing conditions and the state of stocks, it is suggested to use not 
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only acoustic data but also fisheries information. The methods of determining the 
commercial significance of concentrations from acoustic and commercial data are 
considered in this chapter in detail. In most cases, the accuracy of a fisheries-acoustic 
survey is the same as that of an acoustic survey. Due to the short duration of a 
fisheries-acoustic survey, its data can be used to follow processes in dynamics and 
reveal ecosystem relationships. Knowledge of regularities of behavior and distribu¬ 
tion of items will enable a more precise forecasting of fishing conditions and the 
state of stocks. 

Finally, Chapter 9 conveys the importance of passing observations and surveys 
conducted on fishing vessels. If necessary, a fishing vessel can be temporarily 
equipped with acoustic instruments, the so-called electronic attachment to an echo 
sounder. This chapter presents, in detail, a simplified variant of calibrating an acous¬ 
tic instrument as well as estimating the commercial significance and density of fish 
concentrations by catches. The wide inculcation of passing observations and surveys 
in the fishing fleet will allow monitoring of biological resources on a global scale 
without carrying out expensive acoustic surveys. 
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Afterword 


In conclusion, we would like to emphasize that the operations of commercial and 
research vessels are inconceivable at present without the use of acoustic instruments 
for various purposes. Acoustic equipment is used for searching and detecting as well 
as for species, size, and quantitative estimation of commercial concentrations and 
their targeted fishing. Acoustic equipment for the quantitative estimation of marine 
biomass is very important. In connection to this, in our opinion, different methods 
of conducting acoustic surveys and passing observations must be more greatly 
developed. 

Disposing the acoustic account of commercial items, it became possible to 
receive quantitative dependences of the impact of environmental factors and fisheries 
on the ecosystems of water bodies. The establishment of the regularities of quanti¬ 
tative development of life will allow a more adequate forecasting of fish stocks and 
catch, taking into account their reproduction. Hopefully, the knowledge of quanti¬ 
tative ecological regularities will be required not only in solving problems of pre¬ 
serving commercial resources from extermination, but also in conducting a rational 
fishing industry and increasing the productivity of the oceans. 
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Sound Scattering by 
Commercial Items 


Studies of the regularities of sound scattering by concentrations of fish and other 
aquatic items, establishing the dependencies of the character and intensity of echo 
signals on the size and density of their concentrations, allow one to perform many 
practical tasks related to detection of commercial concentrations, interpretation of 
readings of acoustic fish-finding instruments and, most importantly, the quantitative 
estimation of marine biomass by acoustic methods. Knowledge of the regularities 
of scattering also makes it possible to develop the technique of presentation of 
reflected echo signals in a form convenient for use in acoustic reconnaissance. 
Therefore, the study of the reflectivity of marine items and the possibility of detecting 
echo signals from them is of primary importance. 

1.1 CHARACTERISTICS OF THE REFLECTIVITY OF 
AQUATIC ANIMALS 

In fisheries acoustics, reflective properties of items are usually characterized by 
sound scattering in the back direction. Two factors are known to affect sound 
scattering by an item: (1) the dimensions of the item in the direction of acoustic 
wave propagation; and (2) the sectional area of the scatterer perpendicular to acoustic 
wave propagation. In other words, the longitudinal dimension of the entire item and 
its individual elements determine the qualitative aspect of the scattering, while the 
quantitative aspect is determined by the cross-sectional area. 1 

Qualitative characteristics of the reflectivity of an individual item and concen¬ 
trations are usually expressed in dimensionless parameters. The pattern of scattering 
of an individual item depends, first of all, on the dimensionless parameter, which is 
determined by the ratio of the entire length of item L flsh to the length of wave /,; i.e., 

Xfi sh = L fish /A. (1.1) 

When analyzing the peculiarities of sound scattering (interference phenomena, 
multiple scattering), an account of the structure of individual items and their con¬ 
centrations is also required. Thus, the structure of an individual scattering item is 
characterized by the parameters 


X! = L,/X 

(1.2) 

X 2 = L 2 /X 

(1.3) 


1 
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where Lj is the distance between individual elements inside the item, L, is the 
dimension of the item in the direction of acoustic wave propagation, and A is the 
acoustic wavelength. 

Regarding the vertical location, the most important internal dimensions of the 
fish are the thickness of its swim bladder and the distance between the outer flesh 
layer and the spine. These distances usually approximate five hundredths of the total 
length of the fish; i.e., Lj = 0.05L fish . The value L, is determined by the thickness 
of the entire fish, which usually approximates two tenths of its length; i.e., L 2 = 
0-2L fish . 

The structure of an item concentration is characterized by: 


x 3 = l 3 /a 

(1.4) 

* 

II 

r 

>> 

(1.5) 


where L 3 is the average distance between individual items and L 4 is the dimension 
of a scattering volume in the direction of acoustic wave propagation. 

The average distance between individual items in the concentration can be 
calculated as L 3 = 0.55/p v 1/3 if the volume density of a fish concentration p v is 
known. 2 The value L 4 is equal to half the length of a transmitted impulse in the 
water; i.e., L 4 = ct/2. 

Using information on the size of marine items and distances between them, we 
can calculate the values of the dimensionless parameters X fish and X! through X 4 for 
different distributions of items, assuming an echo sounder operating frequency 
equaling 30 kHz (A = 5.0 cm) and an impulse length T = 1.0 ms. The results of this 
calculation are presented in Table 1.1. 

Table 1.1 shows that ratios of the dimensions of individual elements of items, 
entire items, and their concentrations to the wavelength can vary over great ranges; 
this, in turn, leads to substantial changes in the pattern and the intensity of scattering. 
As will be shown further, the intensity of the acoustic field scattered by individual 
items and their concentrations depends to a great extent on the form and dimensions 


TABLE 1.1 

Qualitative dimensionless parameters of the reflectivity of biological 


objects 

Length L p 

Density p v 






Item 

(cm) 

(sp/m 3 ) 

Xfish 

X, 

X 2 

x 3 

X 4 

Plankton 

0.1 to 5.0 

10 6 to 10 

0.02 

tol.O 

— 

0.004 to 

0.2 

0.1 to 

5.0 

15 

Fish 

5.0 to 100 

10 2 to lO" 4 

1.0 to 20 

0.05 to 

1.0 

0.2 to 

4.0 

2.5 to 

240 

15 

Tuna, 

sharks, 

dolphins 

100 to 

1000 

<10“ 3 

20 to 200 

1.0 to 10 

4.0 to 40 

110 
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of items, ratios of their dimensions to the wavelength, distance between items in the 
concentrations, and other factors. 

Quantitative characteristics of the reflectivity of an individual item and concen¬ 
trations are determined by one of the following par ameters: acoustic scattering cross 
section, radius of the equivalent sphere, target strength, or reflection losses. 

The acoustic section of backscattering in classical acoustics is determined by 
the ratio of the power P' scat , scattered by an item in the unit of solid angle in the 
direction of reception, to the intensity I fall of the incident sound wave; i.e.. 


c>, = 


p' 

scat 


r 2 L, 


( 1 . 6 ) 


where r is the distance between the point of reception and an item and I scat is the 
intensity of scattered sound at the point of reception. 

However, the formula for calculating the acoustic sections, which is used in 
fisheries acoustics, differs slightly from (1.6) and is expressed as 


0 _ scat_ _ ll-?caL =4jt0k (1. 7 ) 

IfaE Ifall 

In this case, the acoustic scattering cross section is a standard area that produces 
an ideal all-directional reflection similar to that which would be produced by the 
real item in a given direction. Though this value is slightly less convenient than o k , 
it is widely used in fisheries acoustics (see, for instance, Reference 3). Therefore, 
later on, we will only use the values of o. 

The notion of the radius of equivalent sphere R eq is also used. It is connected to 
the acoustic section by the following relationship: 


R 


eq 



( 1 . 8 ) 


where o is in m 2 and R eq in m. 

The reflectivity of an item is also expressed in practice by target strength. This 
parameter is the logarithmic expression of the reflectivity of an item. Target strength 
is determined from the following formula: 


TS = 10 log ^ (1.9) 

Sometimes, it is more convenient to express the reflectivity through the target 
strength per one kilogram of weight. The value of TS kg is expressed by the following 
correlation: 
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TS kg = TS - lOlogw (1.10) 

where TS is the average value of target strength and w is the average mass of an 
individual item in parts of a kilogram. 

Sometimes a value opposite in sign to target strength is used. This value is called 
reflection loss and is determined by the following formula: 


P, = 101og— (1.11) 

o 

The conversion of acoustic section into target strength or reflection loss is usually 
accomplished with the help of graphs (Figure 1.1). 

In locating fish, especially in carrying out surveys, quantitative characteristics 
of backscattering are most interesting, and are frequently expressed as target strength 
of backscattering, called target strength of items, for short. 

The complexity of phenomena resulting from sound scattering by individual 
marine items and concentrations still hampers efforts to obtain sufficiently precise 
theoretical expressions for calculating their acoustic characteristics. Therefore, at 
present, along with theoretical investigations, experimental studies are carried out 
on the reflectivity of fish and other marine animals in the laboratory and in situ. 

Let us examine in detail the quantitative and qualitative characteristics of sound 
scattering by individual marine items and their concentrations in relation to vertical 
location. 



FIGURE 1.1 Graphs for conversion of acoustic sections into target strength and reflection 
losses. 
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1.2 SOUND SCATTERING BY AN INDIVIDUAL ITEM 

Acoustically, fish and other aquatic organisms are seawater heterogeneities, scatter¬ 
ing sound waves in all directions. Scattering of acoustic energy by heterogeneities 
was thoroughly studied by J.W. Rayleigh 4 - 5 regarding items whose size is consider¬ 
ably smaller than the wavelength (X fish «1.0). It follows from the Rayleigh law of 
scattering that the acoustic section of each item is proportional to the acoustic 
frequency raised to the fourth power and to the item radius raised to the sixth power. 
Thus, with a twofold increase of the item size, the intensity of scattering increases 
64 times. 

The regularities obtained by Rayleigh make it possible to plot the distribution 
of the sound intensity scattered from the angle of insonification; i.e., the so-called 
spatial indicatrix of scattering. Figure 1.2 shows a plane indicatrix of the Rayleigh 
scattering; the spatial indicatrix is obtained by rotating plane one around the acoustic 
axis. The indicatrix of the Rayleigh scattering reveals that scattering forward and 
backward is identical and is twice as large as that in the perpendicular directions. 
An important property of the Rayleigh scattering from small items is that only the 
size of the scattering indicatrix can change, while its form remains constant irre¬ 
spective of the size and form of small items. 





FIGURE 1.2 Indicatrix of the Rayleigh scattering of sound. 
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These regularities are applicable first to various plankton organisms and young 
fish, which are considerably shorter than the acoustic wavelength. The value of the 
acoustic section of such minor items is very small. For some plankton specimens, 
it can be in the order of 10 -5 cm 2 or less. Gas bubbles that result from plankton life 
activity have much greater reflectivity than plankton themselves. Intensive sound 
scattering is observed, for instance, in areas of rich bloom of phytoplankton when 
the water is saturated with air bubbles. 

Applied to highly resonant items, the Rayleigh law of scattering is true if the 
size of items does not exceed two tenths of the acoustic wavelength; i.e., X 2 < 0.2. 
However, for marine animals with acoustic properties slightly different from the 
environment, the Rayleigh regularities of scattering are applicable even though the 
size of the items is commensurable to the wavelength. 

According to the theory of scattering, as the dimensions of the items increase 
(raising parameter X 2 ), the scattering intensity also increases, but not as quickly as 
with the Rayleigh scattering. If the dimensions of fish in the direction of the acoustic 
energy propagation exceed the wavelength considerably, the theory of scattering 
becomes more complicated as diffraction phenomena occurring at the surface of fish 
are involved. 

In addition to the surface phenomena, it is necessary to consider the peculiarities 
of internal reflection of acoustic waves inside a fish. The fish body is a water-like 
medium; therefore, only a small part of the incident acoustic energy reflects from 
its surface; the bulk of it penetrates the fish. Once inside the fish, acoustic energy 
leaves the fish or, after numerous internal reflections, emerges from it in various 
directions. This leads to deformation of the scattering indicatrix: since the dimen¬ 
sions of the item increase, the indicatrix is continually extending forward. 

Sound scattering by the fish is also affected by interference phenomena resulting 
from superposition of reflections from front and rear parts of the body (swim bladder, 
head, spine, flesh, etc.) in the direction of the acoustic wave propagation. This leads 
to strengthening or weakening of backscattering and consequently to the formation 
of maximum and minimum values of the acoustic section with certain ratios of fish 
size and the wavelength. 

Experimental Measurements of Acoustic Characteristics of Fish 

The complexity of phenomena occurring with sound scattering by fish considerably 
hampers theoretical calculations of acoustic sections of fish; therefore, they need to 
be found experimentally. In recent years, scientists from many countries have com¬ 
pleted extensive experimental investigations of acoustic characteristics of fish in the 
laboratory and under natural conditions, mostly with application to vertical location 
(see References 1, 6-17, and other studies). 

Figure 1.3 presents some results of experimental measurements of acoustic 
sections of fish in their vertical insonification from the dorsal side. 1 It shows that 
the reflectivity of several fish of the same species and size can widely vary. Significant 
variation in values of fish acoustic sections is caused by individual differences in 
the exterior, volume of the swim bladder, stomach content, state of sexual products, 
fattiness, gas bubbles in the stomach and the intestine, and other factors. Figure 1.4 
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FIGURE 1.3 Experimental dependences of acoustic sections of fish on their length for cod 
when insonified at dorsal aspect at 30 kHz. 



FIGURE 1.4 Experimental dependences of average acoustic sections of various items on 
their length when insonified at dorsal aspect. Fish at 30 kHz: 1, stickleback; 2, flounder; 3, 
herring; 4, sea trout; 5, goby; 6, cod; 7, wolffish; 8, seal (for comparison); 9, dependence 
calculated with L flsh = 15-30 cm and X = 5.0 cm. Plankton at 120 kHz: 10, Antarctic krill. 
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shows the dependence of the average acoustic sections of various marine items on 
their length. 1 In rare cases, experimental results for individual specimens of Antarctic 
krill were obtained in the Antarctic region, when they were separately registered by 
the echo sounder. As follows from the graphs, the reflectivity of various species 
differs considerably. 

The fish reflectivity greatly depends on its orientation to the insonification 
direction. Figure 1.5 shows backscattering diagrams plotted at polar coordinates at 
different angles of insonification (location angle 0) and with the fish rotated in the 
horizontal plane (with changing azimuthal angle) within 360°. 8 It follows from the 
figure that the diagram of scattering for larger fish has more abrupt changes from 
maximum to minimum, a greater number of lobes, and consequently narrower lobar 
width. Maximum values of acoustic sections occur with the reflection of acoustic 
waves from the side surface of the fish body; minimum values correspond to the 
head and the tail. In Figure 1.6, the space diagram of sound backscattering by fish 
is shown. 18 




FIGURE 1.5 Left: Scheme of measurements of acoustic sections of fish at various azimuthal 
and insonification angles. Right: polar diagrams of the sound backscattering by fish at 30 
kHz at various insonification angles (1, 9 = 5°; 2, 9 = 20°; 3, 0 = 35°); Top: herring 14 cm 
long; Bottom: herring 32 cm long. 


© 2006 by Taylor & Francis Group, LLC 








Sound Scattering by Commercial Items 


9 



FIGURE 1.6 Spatial diagram of the sound back scattering by fish with Lfish^ - 5-0. 




FIGURE 1 .7 Spatial diagram of the sound back scattering by fish insonified in the solid angle 
corresponding to the sector of 35°. Left: measured at 30 kHz regarding herring 27 cm long; 
Right: calculated with Lfish^ - 5-4. 

Spatial diagrams are of great interest in the analysis of the sound scattering by 
fish concentrations. 

The reflectivity of a fish from the dorsal aspect is complexly dependent on the 
direction of insonification. Figure 1.7 shows an experimentally obtained spatial 
diagram of the sound backscattering from fish insonified in the solid angle 
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corresponding to the sector of 35° with X fish = 5.4, X, = 0.27, and X 2 = 1.08. 19 
Experimental investigations show that for some species a specific dependence of the 
backscattering on fish length exists. The non-identical shape of scattering diagrams 
of directivity relative to various species is probably explained by the variability of 
the exterior and the structure of fish bodies and, especially, of the volume and 
configuration of the swim bladder. 

The dependence of the value of backscattering on the insonification angle is of 
practical interest. Expressed graphically, this dependence is the angular diagram of 
the sound backscattering by the fish obtained by averaging the results of measure¬ 
ments of the acoustic section over all azimuthal angles (tp) of the spatial diagram. 
The fish acoustic section on the axis is assumed as the initial value (0 = 0). Figure 
1.8 shows such diagrams in polar coordinates. 20 The graphs characterize changes in 
the sound backscattered from fish, falling into the detection zone of an echo sounder, 
depending on the angle of their insonification (see Section 2.2). 


G L 


( 0 ) 


o° 



FIGURE 1.8 Average for all azimuthal angles dependences of acoustic sections of various 
fish on the insonification angle at 30 kHz: 1, herring 22.5 cm; 2, cod 23.5 cm; 3, flounder 
22.0 cm. 
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The characteristic of the backscattering can be determined from the empirical 
formula: 19 


G flsh (0)=exp 


( 


V 


^fish 

6)1 


2 

sin —0 
3 


( 1 . 12 ) 


where G fish (0) is the characteristic (factor) directivity of backscattering of sound by 
fish. 

Experimental investigations show that the suggested function approximates 
rather well the dependence of the backscattering in the dorsal aspect on the inson- 
ification angle with 0< 60° and 3.0 < X fish < 7.0. As will be shown further, formula 
(1.12) is used in calculations of acoustic sections of concentrations, as well as in 
determining the detection range and zones of fish-finding instruments. 

The dependence of acoustic properties of fish on frequency is of great interest. 
Numerous experimental measurements on fixed frequencies in the wide ultrasonic 
range led to the conclusion that the influence of frequency on the scattering section 
value is poorly pronounced. Precision frequency measurements for various species 
of freshwater and marine animals with the help of an experimental set within the 
frequency range from 20 up to 200 kHz were conducted in the laboratory and under 
sea conditions. 21,22 

In Figure l.S, for instance, frequency-dependent acoustic sections are shown for 
marine swim bladder fish and freshwater shrimps with a dorsal aspect of insonifi- 
cation. The figure demonstrates that acoustic sections of fish change only slightly 
at comparatively low and middle frequencies (1.5 < X fish < 5.0) but increase approx¬ 
imately twofold at higher frequencies (5.0 < X fish < 20). The frequency dependence 
for shrimps 4.0 to 6.0 cm long has a different appearance. Within the area of values 
of 5.0 < X flsh < 7.0, the value o/L p 2 on the average grows in proportion to the 
frequency; with X flsh <1.5, it quickly decreases at the lower frequency and with 
X flsh <1.0 it falls within the area of Rayleigh scattering. 

Experimental studies of fish reflectivity show that the extent and pattern of 
scattering depend, to a large degree, on the internal structure and biometric charac¬ 
teristics of the fish body. Experiments on fishes conducted under laboratory and sea 
conditions led to the conclusion that, for commercial fish of small and middle size, 
when using fish-finding equipment operating at 20-30 kHz (X fish < 8.0, X! < 0.4 and 
X 2 < 1.6), the main contribution to the acoustic section is provided by the swim 
bladder. 7,9 With increasing X fish , X,, and X 2 (with increasing frequency and constant 
fish size), the summary echo signal is formed by flesh, bone, and swim bladder 
signal. With still higher values of the mentioned parameters, the swim bladder signal 
becomes lower than that from flesh and bones. 

The reflectivity of fish depends not only on their species and size but also on 
the depth of their habitation. The volume of a fish’s swim bladder decreases with 
depth; therefore, the value of its acoustic section falls. The following dependence 
of TS in herring results from the experimental studies: 16 
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FIGURE 1.9 Frequency dependences of acoustic sections of various items: 1, fish; 2, fresh¬ 
water shrimps 


TS = 20.01ogL flsh - 2.31og(l + h/10) - 65.4 (1.13) 

where h is the depth of habitation of fish, m. 

For approximate estimation of the reflectivity of swim bladder fish, the following 
expression is used: 6 


TS = 19.11ogL flsh + 0.9k- 23.9 (1.14) 

This expression resulted from generalization of data of measurements of the 
target strength of various species in stationary conditions, recorded by a number of 
investigators. 

With the special newly developed equipment for measuring the target strength 
of individual fish in the sea (see Section 5.2), more precise equations from the 
following studies were received for various species of commercial fish and other 
marine animals: blue whiting 23 ’ 24 ; capelin 25 ’ 26 ; sprat 27 ; herring 25 ’ 28-30 ; herring, 
sprat 31 - 32 ; mackerel 31 ; pacific whiting 33 ; cod, Norway pout, redfish, great silver smelt, 
saithe 34 ; haddock 35 ; sockeye salmon 36 ’ 37 ; sandeel 38 ; gadoids 28 ; cisco 39 ; walleye 
pollack 40 ; blue whiting, capelin, cod, haddock, herring, sea perch, mackerel, great 
silver smelt, saithe, shrimps, squids, jellyfish 41 ; squid 42 - 43 ; krill 44 ; Arctic char, roach, 
perch 45 ; horse mackerel 46 ; jellyfish 47 ; jack mackerel, Chilean and southern hake 48 ; 
trout, roach, perch, dace, chub, carp, bleak, bream 49 ; young walleye pollock 50 ; sar¬ 
dine, anchovy 51 ; redfish 52 - 53 ; young cod 54 ; salmon 55 ; herring 16 ; and other publications. 
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Analytical Determination of Acoustic Characteristics of Fish 

As mentioned earlier, the bulk of sound energy (about 90%) at the main working 
frequencies of acoustic instruments (20-30 kHz) is scattered by the swim bladder 
of fish. The dimensions of the swim bladder are comparable with the wavelength. 
Since the shape of the swim bladder in most marine fish is close to a cylinder, it is 
possible to imitate a fish with a cylinder of dimensions equal to the dimensions of 
the swim bladder. The problem of determining acoustical characteristics of an elastic 
cylinder with an arbitrary direction of insonification was solved analytically. 1 ’ 56 It is 
assumed that the bladder consists of a great number of elements with dimensions 
much shorter than the wavelength; i.e., for the bladder X l « 1.0. Each element of 
the bladder scatters the incident wave according to the Rayleigh law; the value of 
the resulting scattered field in each point of space forms a superposition of elemen¬ 
tary fields with account of the phase shift. As a result, the acoustic section of a swim 
bladder is described by the following dependence: 


0 = 


47t 4 R 2 L 2 

X 2 


Ii 2 


A 4?tR A 


(1.15) 


where R is the radius of a cylinder, L is the length of a cylinder, and is the Bessel 
function of the first order. 

Fish swim bladders have various shapes and relative dimensions. For most fish, 
it can be roughly assumed that the swim bladder is close to a cylinder with the 
following parameters 57 : 


R = 0.025 L flsh (1.16) 

L = 0.24 L flsh (1.17) 

Acoustic backscattering cross section of fish is determined by substituting the 
relations (1.16) and (1.17) into formula (1.15). As a result, we obtain: 


^fish 


0.0137 



0.31 


(1.18) 


The dependence of acoustic section of a fish on its length calculated from formula 
(1.18) is presented by a dashed line in Figure 1.4. The figure shows that with L flsh 
= 15-30 cm and X = 5.0 cm (3.0 < X flsh < 6.0, 0.15 < X^O.3, and 0.6 < X 2 < 1.2), 
the experimental and theoretical results are close. With L flsh > 40 cm, alternation of 
increase and decrease in scattering occurs. This phenomenon is in conformity with 
the existing theory of scattering on acoustically rigid items; however, applied to the 
sound scattering by fish, it requires a detailed verification by experiments. 

Replacing the fish with a cylinder of the same size as the swim bladder allows 
us to obtain the analytical expressions describing the spatial characteristic of the 
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sound backscattering by fish. 1 ’ 56 Comparison of the calculated characteristic with 
the experimental one shows that in the main features they are similar (Figure 1.7). 
Their major differences are the nonuniformity and comparatively large value of side 
lobes, as well as the cavity in the main lobe of the experimental diagram. Apparently, 
the differences are explained by the fact that the theory takes into consideration only 
the backscattering by a swim bladder, ignoring the influence of the head, spine, and 
other fish organs. 

Replacing a fish by a cylinder with corresponding properties and dimensions 
also makes it possible to obtain the analytical expressions describing the spatial 
indicatrix of sound scattering by fish. 1 ’ 56 Figure 1.10 shows the spatial indicatrix 
with X flsh = 3.0, Xj = 0.15, and X 2 = 0.6. As can be seen from the figure, the 
indicatrix already differs from the Rayleigh in the following: ventral scattering is 
more prominent than dorsal, and scattering from the sides is considerably more 
intense than from the head or the tail. Spatial indicatrix of sound scattered by 
individual fish will be used in the later analysis of multiple sound scattering by 
fish concentrations. 

In Figure 1.11, the indicatrix of sound scattering by the fish is calculated in a 
plane crossing the axis of the fish body and the insonification direction. The dashed 
line in the figure shows the indicatrix of the sound scattering by horse mackerel 
obtained experimentally. Both indicatrixes correspond to the above-mentioned 
assumptions (X flsh = 3.0, X, = 0.15, and X 2 = 0.6). This figure indicates that the 
results of theoretical calculations conform to experimental data. 

It should be noted that some of the premises supporting the analytical method 
of determining the acoustic characteristics of bladder fish require further experimen¬ 
tal verification, and the range of application of these premises needs to be defined 
more precisely. In particular, these problems include: determination of the amount 
of acoustic energy scattered by a swim bladder, with different values of the param¬ 
eters X fish , Xj, and X 2 ; correctness of approximation of the form of a swim bladder 
by a cylinder; correctness of the assumption that the scattered field may be regarded 
as a superposition of the elementary Rayleigh fields, etc. 

Analytical expressions (1.15) were used to choose elastic cylinders as imitators 
of fish when simulating concentrations. Such artificial concentrations were created 
for studying peculiarities of sound scattering by concentrations of various densities, 
including coherent and multiple scattering and other phenomena. 58-60 

The theoretical investigation of the acoustic characteristics of bladderless fish 
entails special difficulties and is presently in its initial stage. As a fish has a very 
complicated configuration and internal structure, the incident waves insonify the 
various parts of its body at different times and at different angles. The influence of 
accompanying surface diffraction and interference phenomena has not been studied 
sufficiently. 

Further experimental and theoretical investigations should strive to obtain more 
precise definitions of the acoustic characteristics of various marine animals. A 
detailed and profound analysis of these characteristics is required for more complete 
ascertainment of the sound scattering by commercial items regarding the different 
conditions of their registrations by acoustical instruments. 
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FIGURE 1.10 Spatial indicatrix of sound scattering by fish calculated with Lfl S h^ - 3-0. 

1.3 SOUND SCATTERING BY ITEM 
CONCENTRATIONS 

When dealing with sound scattering by aquatic items, we pointed to the fact that 
the dimensions of a fish are usually commensurable with the acoustic wavelength. 
Diffraction phenomena arising from them are close to those investigated in connec¬ 
tion with the wave propagation in turbid media. 61 In the theory of turbid media, the 
pattern and intensity of scattering depend not only on the acoustic properties of 
individual items, but also on the density of their distribution. 

With insonification of concentrations where the distance between items exceeds 
the wavelength noticeably, the fields scattered by individual items generally do not 
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FIGURE 1.11 Plane indicatrixes of sound scattering by fish: calculated with L fish /X = 3.0 
(solid line) and experimental in regard to horse mackerel 15 cm insonified at 30 kHz (dashed 
line). 

affect each other. In this case, with a fairly wide transducer directivity diagram 
(which is usually typical for acoustic instruments), a number of items or even 
hundreds of items fall into an impulse volume, and reflections occur from all of 
them. With irregular distribution of aquatic items in a concentration, observed in 
natural conditions, the correlation of amplitudes and phases of elementary reflections 
varies over a wide range; therefore, the resulting amplitudes of echo signals on the 
transducer are occasional. 

The distribution of occasional amplitudes, as well as the dependence of the 
intensity of echo signals on the number of insonified items, is subject to certain 
regularities, which were comprehensively studied by J.W. Rayleigh. 4 - 5 According to 
the Rayleigh law, the average intensity of echo signals from a concentration is equal 
to the sum of intensities of elementary reflections from individual fish falling into 
an impulse volume. Thus, the average intensity of reflected signal is in direct 
proportion to the number of insonified fish; i.e., to the density of the fish concen¬ 
trations. 

The Rayleigh regularities remain true if no fewer than seven to ten items fall 
into an impulse volume. 62 - 63 With a lower number of items in an impulse volume. 
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the Rayleigh regularities are disturbed, and fluctuations in echo signals become even 
higher. In this case, considerable fluctuations occur due to a nonuniform distribution 
of scatterers in the detection zone of the instrument. 

In dense concentrations, when the distance between neighboring items is com¬ 
mensurable with acoustic wavelength, the pattern of scattering is quite different. In 
this case, the fields scattered by individual items affect each other. In scattering the 
acoustic wave (scattering of the first order), each item insonifies nearby items, which 
also scatter part of the energy (scattering of the second order), and so on. Thus, the 
so-called multiple scattering phenomenon takes place. 

With a fairly high concentration density, cophasal elementary reflections from 
individual items may be significant, which in superposition gives a regular coherent 
component of the resulting echo signal. Acoustic observations in the sea have shown 
that the signal envelope in this case cannot greatly change for a period considerably 
shorter than the impulse length. 6364 Substantial changes of the envelope become 
possible only when the running impulse passes to a new section of the concentration, 
which requires a period of about the length of transmission. As a result, echo signals 
from dense concentrations consist of individual packets with approximately the same 
amplitude (Figure 1.12). The width of such packets is close to the length of the 
transmission. Fluctuations of such coherent echo signals are usually not great. 

Let us try to make a quantitative estimation of the sound backscattering by fish 
concentrations of different density. As to the acoustic section, it can be easily 
determined in the Rayleigh scattering where the average intensity of echo signals 
is proportional to the number of items in an impulse volume. 

The Rayleigh Scattering of Sound 

The simplest way of estimating the energy scattered by a concentration is with the 
Rayleigh law of scattering, when the average intensity of echo signals is proportional 
to the quantity of insonified items. Taking into account the nonuniformity of the 
distribution of energy in an impulse volume from the directivity of a transducer of 
an acoustic instrument, the acoustic section of a concentration is determined from 
the following relation 1 : 


<L on = n imp o fish = p v V imp a = — r 2 a fish p v 'P (1.19) 

where n lmp is the number of items in an impulse volume, o flsh is the acoustic section 
of an individual fish averaged for all fish falling into an impulse volume, p v is the 
volume concentration density, V imp is the impulse volume, c is the sound speed in 
water, T is the duration of a transmitted impulse (ping), o flsh is the acoustic section 
of fish on the axis, and V F is the integral directivity factor (see Section 6.1). 

The acoustic section of a fish concentration characterizes the backscattering of 
acoustic energy, but does not allow the scattering pattern of a fish concentration to 
be objectively estimated. From expression (1.19), O con depends on the parameters 
of the acoustic instrument and the distance between it and the concentration. 
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FIGURE 1.12 Echo signals from fish concentrations: from group of targets (top); Rayleigh’s 
(middle); with signs of coherency (bottom). 

To obtain an objective characteristic of the reflectivity of fish concentrations, it 
is expedient to use another parameter: the measure of the sound scattered by a unit 
volume of the concentration. This value, the so-called volume backscatter, is found 
from the formula: 1 


m v = Pv°fish (1-20) 

The volume backscatter is the function of only the physical characteristics of a 
concentration; namely, the fish reflectivity and the fish density. 

Tentative calculations from formula (1.20) show that the volume sound back¬ 
scatter by fish concentrations can vary from 10 -8 to 10 -2 sp/rn 3 . It should be remem¬ 
bered that expression (1.20) is true only for concentrations of comparatively low 
density, which scatter sound according to the Rayleigh law. Therefore, the above 
range of values should be regarded as approximate. 

From expressions (1.19) and (1.20), we obtain the following formula: 
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(ct / 2)r 2v P 


( 1 . 21 ) 


The experimental verification of formula (1.21) using artificial herring concen¬ 
trations of known density has given a satisfactory concurrence between theoretical 
and experimental results. 65 

The volume backscatter m v is determined in cases when the value of the acoustic 
section of individual items forming the concentration is unknown. The reflectivity 
of concentrations of plankton and other small organisms, which value has not been 
determined, is usually estimated by m v . The comparison of values m v with the results 
of a control fishing allow measuring concentrations of plankton by the integrator 
readings. 66 

As a rule, to estimate commercial fish concentrations it is more suitable to use 
another objective characteristic of concentration reflectivity; i.e., the backscattering 
in terms of surface area. This is a measure of the sound backscattering by fish per 
unit area. It is found from the formula 


m s = Ps°flsh = m v h 


( 1 . 22 ) 


where p s is the area concentration density and h is the fish concentration thickness. 

If no acoustic section of individual items has been measured when estimating 
commercial concentrations, until receiving reliable values of the acoustic section, 
the sound backscattering by fish per unit area is determined from formula (1.22). 

The Rayleigh regularities of scattering make it possible to use another measure 
of the scattering properties of reflectivity of concentrations. In cases when the major 
aim of an acoustic survey is estimating the entire biomass of the whole length of a 
series of commercial items in a concentration, when determining its density, the 
acoustic section or target strength per one kilogram of weight is used. This value is 
calculated from formula (1.10). 

It is expedient to use o kg and TS kg for estimating the plankton biomass. As shown 
by experimental observations, 67 the value of TS kg of an Antarctic krill concentration 
does not depend on its length composition: the target strength of an individual krill, 
as well as its mass, is approximately proportional to a specimen length raised to the 
third power. 

It has been established that with any length composition of a krill concentra¬ 
tion, the value TS kg remains constant and equal to 38.6 dB. This value is also 
stable as the krill reflectivity only slightly depends on its orientation in the 
acoustic beam of an echo sounder. Due to the constancy of the value of TS kg of 
krill, it became possible to estimate its density and biomass without frequent 
trawling for controlling the length composition of concentrations (see Section 
6.2). It may be possible to estimate concentrations of the various shapes of small 
plankton in a similar way. 
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Coherent Reflection of Sound 

If the concentration is of fairly high density, the backscattered sound has a regular, 
coherent pattern. When calculating the degree of coherence, we will assume that the 
side lobes of the transducer directivity diagram are absent. The coherent component 
of the acoustic section, as known, is proportional to the square of the number of 
objects in each Fresnel zone of an impulse volume 1 : 

c C0h = ’ ;trVcp v 2 Ve cff 2 (1.23) 

160 

where 0 eff is the effective width of the sound beam of an acoustic instrument.* 

To estimate the value of the coherent component, the coefficient of coherency 
is defined as: 


K coh =^ (1.24) 

^ ncoh 

where o ncoh is the noncoherent component of acoustic section of a concentration 
described by formula (1.1S). 

Substituting (1.19) and (1.23) into (1.24), after transformations, gives: 


^coh 


7ul 2 r 2 9 eff 2 p v 

80ct 


(1.25) 


The discussion above shows that the reflection coherency is determined by 
wavelength, impulse length, acoustic beam width, concentration density, thickness, 
and depth. The correctness of expression (1.25) was verified on artificial model 
concentrations. 60 The results showed satisfactory coincidence of the experimental 
data with the calculated ones. Let us assume scattering with K coh <0.1 to be non¬ 
coherent (Rayleigh’s), while scattering with K coh > 10 to be completely coherent. 

Using expression (1.25), we have calculated the coefficient of coherency for an 
EK60 Scientific Sounder System in regard to various concentration densities, thick¬ 
ness, and depths (Figure 1.13). As can be seen in the graphs, when locating a 
concentration with a typical low-frequency instrument, coherent scattering can be 
considerable with concentrations of high density, even if they are located at com¬ 
paratively shallow depth. For example, with depth r con = 400 m, thickness h = 25 
m, and X 4 = 19, echo signal coherency becomes noticeable (K coh = 1.0) if density 
p v =1.0 sp/m 3 ; i.e., X 3 = 14. The coherency of the scattered field diminishes with 
decreasing concentration thickness. With the use of a high-frequency echo sounder 


* The maximal width within which an item is registered by an instrument is referred to as the effective 
width of the beam. 
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FIGURE 1.13 Dependence of coherency coefficient on the distance to fish concentrations of 
various thicknesses and densities when registered by an EK60 Scientific Sounder System 
operating at 38 kHz (X = 3.95 cm, x = 1.0 ms): 1, p v = 100 sp/m 3 ; 2, p v = 10 sp/m 3 ; 3, p v = 
1.0 sp/m 3 (a, h = 25 m; b, h = 10 m; c, h = 5.0 m); 4, p v = 0.1 sp/m 3 . 

or sonar with a long impulse, the contribution of the reflection coherency noticeably 
decreases. 

In the above-mentioned discussion, we did not take into consideration the effect 
of sound scattering by the heterogeneities of the sea. However, various organic and 
nonorganic inclusions occurring in the sea as well as heterogeneities occurring in 
the microstructure of the water may give rise to additional fluctuations of echo 
signals and decrease the influence of the reflection coherency. Taking this into 
account, the above preliminary estimation of coherent scattering must be verified 
and defined more precisely by experiments. 

Multiple Scattering of Sound 

In very dense concentrations, in addition to coherent reflection, one should also take 
into account multiple sound scattering. 1 The intensity of multiple scattering changes 
with the propagation of the acoustic wave in the concentration: at first multiple 
scattering increases, reaches a certain maximum, and then begins to decrease. Pen¬ 
etrating into a dense concentration, the acoustic wave first undergoes first-order 
scattering when the resulting echo signal is composed of elementary reflections from 
individual items in an impulse volume. Having penetrated the concentration, the 
acoustic wave scattered by individual items insonifies other items and these in turn 
insonify other items, and so on. With considerable density, multiple scattering (of 
the second and higher orders) can be great. 


© 2006 by Taylor & Francis Group, LLC 




22 


Acoustic Fish Reconnaissance 


Let us try to clarify the conditions under which multiple sound scattering in fish 
concentrations becomes considerable. In the theory of light scattering in a turbid 
medium, one of the most important characteristics of the medium is its optical 
thickness. 61 The length of the path of the beam in the medium along which its 
intensity decreased “e” times is taken as a unit of optical thickness equal to one 
Rayleigh. Optical thickness can be expressed in the dimensionless parameters of the 
scattering medium 


§opt = 


x;x 4 

x? 


(1.26) 


With consideration of the fact that acoustic wave phenomena are similar to 
optical ones, expression (1.26) can be applied to multiple sound scattering. Substi¬ 
tuting formulas (1.3), (1.4), and (1.5) and the values L 2 , L 3 , and L 4 obtained in the 
vertical location into expression (1.26) gives the following formula for the acoustic 
thickness of a fish concentration: 


5 ac = 0.12cxp v L lish 2 (1-27) 

From expression (1.27) it follows that the acoustic thickness of the fish concen¬ 
tration rises with increasing duration of acoustical impulses penetrating therein, the 
fish density, or the fish size. 

From the theory of scattering in turbid media, it follows that with S ac <0.1 
Rayleigh, multiple scattering can be neglected; with 0.1 Rayleigh < 8 ac <0.3 Ray¬ 
leigh, an adjustment for scattering of the second order needs to be made; and with 
S ac > 0.3 Rayleigh, the whole complex of effects of multiple scattering becomes 
important. 

Figure 1.14 shows the results of calculating the acoustic thickness of fish con¬ 
centrations of various densities with application of echo sounders operating at 
different frequencies. As can be seen from the graphs, when using low-frequency 
echo sounders, multiple scattering should be expected in very dense fish concentra¬ 
tions only (when X 3 < 3.0). In cases where high-frequency echo sounders are used, 
multiple scattering is scarcely probable. The colossal densities required for this are 
perhaps possible in concentrations of plankton organisms or krill. 

The above considerations were verified experimentally on artificial model con¬ 
centrations. 58 The experimental data conformed well to the calculated ones. With 
the use of a low-frequency acoustic instrument (operation frequency 30 kHz and 
impulse duration t = 1.0 ms), multiple scattering became noticeable with the con¬ 
centration density of small fish (L flsh = 8.0 cm 2 ) higher than 120 sp/m 3 ; i.e., with 8 ac 
= 0.15 Rayleigh (with X 3 <2.0, X 4 = 15). 

It has been shown by empirical investigations that multiple scattering increases 
the duration and decreases the intensity of echo signals without changing their 
energy. 1 Therefore, multiple scattering should not influence the result of echo inte¬ 
gration and estimating the density of commercial concentrations. However, an 
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8 ac , rayleigh 

FIGURE 1.14 Dependence of acoustic thickness of the concentration of fish (L flsh = 10 cm) 
on the density when using echo sounders operating at various frequencies: 1, 20-30 kHz. x 
= 1.0 ms; 2, 120-200 kHz, x = 1.0 ms. 


increase in duration of echo signals leads to distorting the dimensions of concentra¬ 
tions registered by acoustic instruments. 

It should also be taken into account that, as sound waves penetrate into the depth 
of a dense concentration, additional decrease in their intensity occurs because of the 
attenuation of the energy by the thickness of concentration. 68 This is accounted for 
by the fact that, with multiple scattering, acoustic waves have to pass longer distances 
inside concentrations and undergo multiple attenuation within fish themselves. It is 
natural that with coherent and multiple scattering as well as with the attenuation of 
sound in a water-fish medium, the proportionality between concentration density 
and echo signal intensity breaks down. The establishment of the dependence of echo 
signal intensity on the degree of concentration in dense schools of marine items 
requires further theoretical and experimental investigations. 


1.4 CLASSIFICATION OF ECHO SIGNALS FROM 
COMMERCIAL ITEMS 

Echo signal intensities, the degree of their fluctuations, as well as the character of 
representing concentrations when registered by acoustic instruments depends to a 
great extent upon the number of commercial items in an impulse volume. This 
number can be found from the following relation 69 : 
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Hitem = V impPv = ^ Jt0 eff 2 cxr 2 p v (1.28) 

where V imp is an impulse volume. 

As follows from relation (1.28), the number of items in an impulse volume 
depends upon the concentration density, the parameters of the fish-finding instru¬ 
ment, and the distance to concentration. 

If, when detecting a concentration, no more than one item simultaneously falls 
in an impulse volume, echo signals from individual targets come to the point of 
reception; the envelope of such a signal has a smooth shape and the length of about 
the duration of a transmission. For convention’s sake, let us call echo signals from 
individual items elementary ones. An acoustic instrument registers such echo signals 
separately. 

If several or even hundreds of items fall into an impulse volume (X 3 » 1.0), 
echo signals from them represent the sum of elementary reflections from separate 
specimens. In this case, as mentioned in the previous section, the dependence of the 
intensity of echo signals on the number of insonified items is subject to regularities 
adequately studied by J.W. Rayleigh. According to the Rayleigh dependence, the 
value of the average intensity of echo signals is proportional to the number of items 
in an impulse volume. 

The Rayleigh regularities of scattering are true if no fewer than seven to ten 
items fall into an impulse volume. 62 ’ 63 Let us call echo signals, which are subjected 
to the Rayleigh regularities, Rayleigh ones. The envelope of Rayleigh echo signals 
has an abrupt character, strongly fluctuating from transmission to transmission (Fig¬ 
ure 1.12). 

With a lower number of items in an impulse volume, the Rayleigh regularities 
are disturbed, and fluctuations in echo signals become even higher. In this case, 
considerable fluctuations occur due to a nonuniform distribution of scatterers in the 
detection zone of an instrument (see Section 2.2). Let us call echo signals from a 
comparatively small number of items, group ones. Group signals represent series of 
elementary ones, overlapping each other (Figure 1.12). 

The Rayleigh regularities of echo signal scattering are also disturbed with a 
considerable number of items in an impulse volume, when the distance between 
neighboring items are commensurable with the acoustic wavelength. As mentioned 
in the previous section, with a high enough concentration density, the resulting echo 
signals have a regular, coherent component. The degree of coherency depends upon 
the concentration density and the sizes of the Fresnel zones. The relation between 
the coherent and noncoherent echo signals is determined by the coefficient of 
coherency K coh . In this case, the number of items in an impulse volume is found 
from the following formula: 1 


n it em = 10K C< 


y A, y 


(1.29) 
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As already mentioned, an echo signal is considered as a noncoherent (Rayleigh’s) 
with K coh <0.1 and completely coherent with K coh >10. If the coefficient of coherency 
has an intermediate value, an echo signal includes both coherent and noncoherent 
components. Let us call such an echo signal complex. 

Acoustic observations in the sea have shown that the signal envelope cannot 
greatly change for a period considerably shorter than the insonifying impulse 
length. 64 Significant changes of the envelope become probable only when the running 
impulse passes to a new section of the concentration, which requires a period of 
about the length of a transmission. As a result, coherent echo signals from dense 
concentrations consist of individual packets with approximately the same amplitude 
(Figure 1.12). The width of such packets is close to the length of a transmission; 
however, their shape differs substantially from the envelope of a transmission. 
Fluctuations of such coherent echo signals are usually not great. 

Thus, echo signals can be classified as elementary, group, Rayleigh’s, complex, 
or coherent, depending on the number of items falling into an impulse volume. 

Taking into account the established limiting values of the number of items in 
an impulse volume, it is possible to determine from formulas (1.28) and (1.29) the 
corresponding limiting values of the concentration density. In Table 1.2, the expres¬ 
sions for determining limiting values of concentration density are given with respect 
to echo signals of varying types. 

The limiting values of concentration density for an EK60 Scientific Sounder 
System and depth of 200 m are given below. Substituting initial values for the low 
frequency (f = 38 kHz, X = 3.95 cm, T = 1.5 m, 0 eff = 7°) and for the high frequency 
(f = 120 kHz, X - 1.25 cm, ct = 0.375 m, 9 eff = 7°) into the expressions given in 
the table, we obtain the following limit values of the fish concentration density (Table 
1.3). 

The results of calculations show that with registering the concentration by an 
EK60 instrument, the limiting values can differ by several orders. Therefore, the 
character of echo signals from concentrations may vary over great ranges depending 
on the parameters of the acoustic instrument. This thesis is well illustrated by the 
graph in Figure 1.15. The graph presents the dependence of the number of impulses 
in an impulse volume upon distance, calculated for registration of sufficient dense 
concentration by an EK60. The limiting values of the number of fish for each type 
of echo signal are marked. The graph shows that, for example, the low frequency 


TABLE 1.2 

Limiting conditions for echo signals of various types 


Type of Echo Signal 

Elementary 

Group 


Number of Items in an 
Impulse Volume 
< 1 


Limiting Concentration 
Density 


8(7iG ef[ 2 c'n' 2 )c~ 1 

80(jiG eff 2 cxr 2 ) -1 

8cx(7t9 eff 2 k 2 r 2 ) -1 


Rayleigh’s 

Complex 

Coherent 


1 < n item < 10 
10 < n item < (cx/k) 2 
(ct/A) 2 < n item < (10cx/k) 2 

n item> (10CX/X) 2 


SOOcxfitG^AT 2 ) -1 
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TABLE 1.3 

Limiting concentration density 


Frequency (kHz) 

Echo Signal Type 

Density (sp/m 3 ) 

38 

Elementary 

0.0029 


Group 

0.029 


Rayleigh’s 

4.3 


Complex 

430 

120 

Elementary 

0.012 


Group 

0.12 


Rayleigh’s 

10.7 


Complex 

1070 



FIGURE 1.15 Dependence of the number of fish in the impulse volume on the distance to 
the fish concentration (p v = 0.1 sp/m 3 ) when registered by an EK60 Scientific Sounder System 
operating at various frequencies: 1, 38 kHz; 2, 120 kHz. 


tract will register the concentration at a depth of 200 m as Rayleigh's signals and, 
at the same time, the high-frequency tract will record the same concentration as 
group signals. 

The echo signal type, to a great extent, also depends on the distance to concen¬ 
tration. The graph also demonstrates that with the low frequency tract operating on 
concentrations of the same density but situated at shallower depths, the echo signals 
may appear as elementary or group signals, at mid-depths as Rayleigh’s signals, and 
at greater depths as complex signals. 
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Thus, the suggested classification of echo signal is based on peculiarities of the 
sound scattering with various distributions of items in an impulse volume of a 
fish-finding instrument. All types of echo signals received from concentrations differ 
with the structure, the character of changing the intensity, and fluctuations. This fact 
should be taken into account when detecting and interpreting the readings of acoustic 
instruments. 

1.5 STATISTICAL PROPERTIES OF ECHO SIGNALS 
FROM COMMERCIAL ITEMS 

The efficiency of detecting echo signals from commercial items is determined by 
the minimal intensity of echo signals required for their registration by the receiver 
against a background of disturbances. The minimal or threshold intensity of echo 
signals I s is usually compared with the level of acoustic noises I n through the 
coefficient of recognition 8 S . The latter is characterized by the acoustic pressure of 
a useful signal to that of a noise at the point of reception, with which it is possible 
to detect the signal against the background of disturbance: 

1 S = 8 S 2 I„ (1.30) 

As follows from this simple relation, the admissible minimal intensity of useful 
signals depends on the level of acoustic noises and the coefficient of recognition. 

Reducing the level of noise of a vessel is usually achieved by its suppression 
where it is being generated. It is also possible to reduce the level of noises through 
the narrowing of the frequency band of a receiver or the use of a narrow-beam 
transducer. Lowering of the coefficient of recognition with reverberation noises is 
achieved by using correlation methods for treating signals in receiver systems. The 
cited methods of suppressing disturbances allow for decreasing the level of noises 
and, thus, increasing the efficiency of the work of acoustic instruments. However, 
the mentioned measures may not suffice to ensure reliable detection of echo signals 
from commercial items, especially at great depths. 

In analyzing the possibilities of lowering the coefficient of recognition, it is 
necessary to take into account that both useful and noisy signals are fluctuating by 
nature. It is known from statistic radar theory that the distribution density of prob¬ 
ability of instantaneous intensities for signals of this kind is described by the 
exponential law 70 


F(I ; ) = 1/1 expf-Ij/i) (1.31) 

where I is the average intensity of signals. 

The probability of the fact that in the receiver input with the real sensibility 


w 
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instantaneous intensities of reflected signals exceed the noises I n 

p(I i >I„)=f 1 /I s exp(-I/I s )dl, = exp(-I n /T s ) (1.32) 

On the other hand, expression (1.31) can be represented as 

p(Ij > I n ) = n/n (1.33) 

where n, is the number of independent samples, the intensity of which exceeds I n 
and n is the general number of echo signals. 

Uniting (1.32) and (1.33), after transformations, we obtain: 


8 2 




0.43 


l0g(ll / 11;) 


(1.34) 


It follows from relation (1.34) that it is possible to decrease the coefficient of 
recognition by increasing the frequency of repetition of echo signals and length of 
observation. 

Lowering of the detecting threshold also can be achieved by using more sophis¬ 
ticated methods of treating the acoustic information received. We would like to 
demonstrate that, in order to decrease the coefficient of recognition 8 S , it is practical 
to use the method of accumulation and averaging of echo signals, which is widely 
applied in radar of meteorological formations. 

As follows from the theory of radar, 71 with n > 9 


5 S 2 = 2 / |Vn - lj 1 (1.35) 

with a probability of 98%. For instance, with the number of echo signals n = 100, 
accumulation and averaging of signals ensure a coefficient of recognition 8 S = 0.45. 

Experimentally established or calculated with the help of relation (1.35), admis¬ 
sible values of the coefficient of recognition may be ensured by various technical 
means. As known from the theory of radar, 72 


9 K' 2 

8 S 2 = “77 d-36) 

T Af 

where K 5 is the coefficient of reliability of reception, that is, the minimally required 
relation of a signal to a disturbance at the indicator input; T is the time of averaging 
of a signal, equal to the locating impulse duration; and Af is the frequency band of 
a receiving tract. 
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It appears from relation (1.36) that the value of the coefficient of recognition 
depends on the frequency band of the receiver and the duration of locating impulses; 
the 8 S value depends on the operator qualification and the indicator type as well. 

In registering a commercial target on the tape of a recorder or the screen of an 
electronic indicator, when echo signals are marked by parallel tracks, the readability 
of the image improves as the number of the signal increases. The ability to detect 
also depends on their shape and size on the indicator; by increasing patch size, the 
readability improves. 

Figure 1.16 presents the dependence of the coefficient K 5 2 on the number of 
echo signals with which it is possible to recognize the image of a target on a recorder 
tape against the background of disturbances. 73 The graph demonstrates that, if more 
than five echo signals come from an individual target while a vessel is in motion, 
then Kg 2 = 1.2. Using relation (1.36) for Af = 1.2 kHz and T = 1.0 ms, we obtain 8 S 
= 1.4. With an immovable vessel, when more than 25 signals come from the target, 
K 5 2 = 0.5 and 8 S = 0.9. 

Due to the inculcation of digital technique, processor treatment of echo signals 
finds wide application in fish-finding instruments. The property of synchronous 
repetition of echo signals from targets with a random character of noises and 
reverberation disturbance is used. The signal is memorized for a sequence of trans¬ 
missions in the block of memory and then it is summed up. When summing, the 
amplitude of useful signals due to the synchronism increases n times, while the 
amplitude of noises rises \fn times only (because of their random nature). 

The summary signal is then divided by the number of transmissions. As a result, 
the amplitude of useful echo signals keeps its initial value, while the level of 
disturbances considerably decreases (Figure 1.17). 



FIGURE 1.16 Dependence of the coefficient of reliability of reception (K 5 ) on the number 
of echo signals from the target on the printer paper (n). 
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FIGURE 1.17 The echogram illustrating the suppression of disturbances (range 75 m): a, 
the suppression device is switched off; b, the suppression device is switched on. 

Substantial increase in the range of detection of commercial items can also be 
achieved through the use of modulated by frequency, phase, or amplitude impulses 
of long duration with a resulting temporal compressing of received signals. The 
insonification of impulses of long duration and internal modulation ensure an 
increase of the detection range, while the use of the compression of echo signals 
allows obtaining the high resolution of the equipment. Unfortunately, this perspective 
method has so far found a limited application because of the difficulties in treating 
the information received. 
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2 Scouting Characteristics 
of Acoustic Instruments 


The differences in concentration reflectivity, the necessity of their detection, as well 
as qualitative and quantitative estimation are all reasons for placing special require¬ 
ments on the characteristics of acoustic instruments. The first and foremost require¬ 
ment is to achieve a maximal detection range and, in conjunction with this, a maximal 
detection zone. Another important requirement is sufficient resolving capacity of an 
instrument by range and angular coordinates. This is necessary in order to receive, 
on one hand, reliable data on spatial distribution of concentrations, and, on the other, 
a precise definition of the vertical borders of concentrations. 

This chapter shows how the major characteristics of fish-finding instruments are 
determined and to what extent they satisfy the requirements. A rational choice of 
the major parameters of acoustic instruments is considered as well. 

2.1 RANGE OF DETECTION OF COMMERCIAL ITEMS 

The possibilities of detecting concentrations in some commercial fishing area 
depend, largely, on the detection range of the employed acoustic instruments. The 
detection range of an echo sounder should ensure the registration of fishery items 
down to the maximal depth of their habitation. In contrast to echo sounders, required 
ranges of sonar are determined not only by the demands of detection, but also by 
the necessity to aim the fishing gear reliably at commercial items. For this purpose, 
sonars with circular and wide sector views are used. Having great functional possi¬ 
bilities, these sonars are designed, first of all, to ensure aimed fisheries; their range 
does not usually exceed 1500-2000 m. Side scanning sonar are also used; their range 
can exceed 3000 m and more. 

The approximate detection ranges of acoustic instruments required for ensuring 
an effective search are given in the Table 2.1. These data result from generalizing 
practical experience with consideration given to analysis of the peculiarities of the 
distribution of various items within different regions and the capabilities of fisheries 
vessels. 

Estimating the detection range of an acoustic instrument is made with respect 
to a specific standard target. An individual target with a radius of equivalent sphere 
of R eq = 0.1 m is considered as such standard for an echo sounder. This target 
corresponds, in a reflectivity, to a commercial fish of about 50 cm long. Orienting 
towards detection of single targets when vertical location is explained by the fact 
that echo sounders must ensure the search of not only dense concentrations, but also 
the registration of individual specimens. Regarding horizontal location, an individual 
target with a reflectivity of R eq = 2.0 m is considered a standard item; a commercial 
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TABLE 2.1 

Detection ranges for fish-finding equipment (FFE) 




Maximal Range (m) 


Purpose 

Operation 
Frequency (kHz) 

Echo Sounders 

Sonar 

Area of 
Application 

FFE for small 

150-200 

30-50 

— 

Internal and shallow 

fisheries vessel 

(<150 tons, <200 
horsepower) 

FFE for 

50-80 

200-300 

800-1000 

waters 

Coastal areas of seas 

small-tonnage 

vessels 

(>150 tons, >200 

150-200 

100-150 



horsepower) 

FFE for 

20-30 

500-600 

1500-2000 

Sea shelves 

middle-tonnage 

vessels 

(>800 tons, >700 

100-150 

200-250 



horsepower) 

FFE for 

20-30 

1000-1500 

3000-3500 

Shelves, pelagic 

large-tonnage 

vessels 

(>2500 tons. 

100-150 

300-350 


areas, underwater 

mountains 

>2500 

horsepower) 

FFE for 

15-20 

1800-2500 

3000-3500 

Great depths 

large-tonnage 

vessels 

(>5000 tons, 

>6000 

horsepower) 

100-150 

500-700 




school, a cross section of which is much smaller than the detection zone of sonar, 
is implied. The point is that commercial schools are the major targets for a sonar 
search as well as for determining the aiming direction of fishing gears. 

The detection range of a fish-finding instrument can be determined, in fact, from 
the main sonar equation 1 : 


j4 1 Q0.2ar — 


_JVv° 

(47t) 2 I n 


( 2 . 1 ) 
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where a is the coefficient of spatial attenuation of the sound energy in water, dB/m; 
y is the coefficient of axis concentration of the transducer; P a is the acoustic power 
of insonification, W; and I min is the minimal intensity of echo signals, received by 
the transducer, W/m 2 . 

The energetic potential is used when estimating search possibilities of acoustic 
instruments, which is calculated from the following formula:* 


P Y 

n = f (2.2) 

(4jc) Imin 

The energetic potential gives an idea of the detection range of an instrument 
and allows coming to conclusions as to search capacities of a set of equipment as 
a whole. It estimates the real sensitivity of an instrument taking into account the 
conditions of its utilization. It is evident from Equation (2.1) and Equation (2.2) that 
the maximal detection range of the instrument can be calculated from the formula: 

r4i 0 o.2ar = Yi a (2.3) 

Calculation of the detection range is made taking into account the attenuation 
of the sound in water. It is convenient to transform formula (2.3) into the following 
form: 


r 0 /r = 10 005Kr (2.4) 

where r D is the detection range of an instrument in the absence of attenuation. 

Taking a logarithm of expression (2.4), we obtain: 

log(r 0 /r) = 0.05ar (2.5) 

It is easy solving this equation graphically. The left-hand side of the equation 
expressing the dependence of the relation r Q /r on the value a with various r D , 
represents the group of the curves shown in Figure 2.1. The same figure shows the 
right-hand side of the equation as the group of straight lines corresponding to various 
values of a. The required value is found at the point of intersection of the given 
curve with the corresponding straight line. 

The calculated detection ranges of equipment may differ slightly from the real 
ones, as rough estimates of the level of acoustic noises and sound attenuation are 
used. One can estimate even more roughly the theoretical capabilities of detecting 
surface or demersal concentrations, which are determined not only by the resolution 
of the equipment but also by the work efficiency of the scale expander of registration 
of concentrations, the device for breaking bottom signals, the transducer stabilizer, 
and so on. 


* The logarithmic expression of energetic potential is defined as a quality of an acoustic instrument. 
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FIGURE 2.1 Dependence of the range of detection on the attenuation of sound in water. 

It should also be taken into account that the scattering, attenuation, and acoustic 
noises in a water medium have a strongly fluctuating, stochastic character, while 
search and acoustic surveys are usually carried out with a high probability of item 
detection. As investigations show, 2 with a high probability of detecting item con¬ 
centrations (0.90-0.95), the detection range of acoustic instruments should be nearly 
the same as that for reliable detection. At present, therefore, the deterministic 
approach is being applied when estimating the detection range. Average values of 
parameters given in formulas (2.1) and (2.3) are used; values of echo signals from 
commercial items should exceed the noise level. 

Calculating the detection range of instruments by standard targets allows testing 
the possibilities of various echo sounders and sonar and comparing the search 
qualities of different equipment.* Calculated from formula 2.3, dependences of the 
range of detecting standard targets with R eq = 0.1 m and R eq = 2.0 m from a drifting 
vessel in calm weather, on the energetic potentials of an EK60 Scientific Sounder 
System operating at different frequencies, are given in Figure 2.2. Let us consider, 
for example, the range of detecting a standard target with R eq = 0.1 m. With the 


* Regarding sonar, the geometric range is calculated ignoring vertical refraction of the sonic beam 
because of heterogeneities of the water medium. 
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n, m 2 

FIGURE 2.2 Dependence of the range of detection of standard targets on the energetic 
potential of an EK60 Scientific Sounder System operating at different frequencies: 1, f = 
38 kHz, R eq = 2.0 m; 2, f = 120 kHz, R eq = 2.0 m; 3, f = 38 kHz, R eq = 0.1 m; 4, f = 
120 kHz, R eq = 0.1 m. 

energetic potential of the instrument at low frequency (38 kHz), n = 10 15 m 2 ; the 
graph shows that the detection range r = 1000 m. At high frequency (120 kHz), n 
= 10 16 m 2 ; the detection range r = 700 m. 

The calculated detection ranges of various acoustic instruments show that the 
equipment in use by fisheries fleets satisfies the requirements of detection of com¬ 
mercial concentrations. 

To clearly understand the real capabilities of detecting specific items, it is 
necessary to know their acoustic sections. In dispersed distributions of concentra¬ 
tions, when the instrument registers each specimen separately, it is necessary to 
know the acoustic section of individual items (a) for determining the range from 
formula (2.3). As it was presented in Section 1.3, for dense concentrations, in which 
specimens keep close to each other and are registered by the instrument as a mass, 
the acoustic section of the concentration is determined by formula (1.21). Substi¬ 
tuting expression (1.21) into formula (2.3), we obtain: 


r 2 10 0 - 2 


CT 

11 niTT 

2 v 


( 2 . 6 ) 
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In determining the required detection ranges of acoustic instruments, it is nec¬ 
essary to take into account the specific peculiarity of item distribution by depth. 
Larger items are usually distributed at greater depths and do not form as dense 
concentrations as smaller ones. Therefore, in estimating possibilities of detecting 
concentrations of larger fish at great depths, it is necessary to know the ranges of 
registration of dispersed concentrations or of individual specimens. Smaller items 
often form schools, keeping to comparatively shallow depths. It is useful to determine 
the limiting possibilities of detecting schools regarding sonar as, in this case, the 
energetic possibilities of echo sounders are usually not fully used. 

In estimating real ranges, an additional (to the kilometrical) sound attenuation 
in the surface layer of the sea is required, which can be great in a horizontal direction. 
Air bubbles formed under the bottom of a ship by its motion because of the roughness 
of the sea play the major role in this additional attenuation. Measurements show 
that this additional attenuation depends largely on weather conditions, the speed of 
ship motion, and the operating frequency of the acoustic instrument. 3-5 By increasing 
the sea roughness and speed of ship motion, an especially great attenuation is 
observed at low frequencies. 

Calculations from formulas (2.3) and (2.6) allow for estimating the possible 
range of an acoustic instrument for detecting fisheries items within a specific com¬ 
mercial region. Such estimation may be sufficiently precise regarding traditional 
fisheries region, in which the peculiarities of distribution, concentration densities, 
and their species and length composition are well known. 

The previous discussion demonstrated that the energetic potential of acoustic 
instruments fully characterizes the maximal range of detecting the various items. 
The tests of fish-finding instruments for various purposes show that this equipment 
can ensure the detection of practically all species of commercial items down to the 
maximal depths of their habitation.* Deep-sea fishes are an exception. 

The detection of deep-sea fishes (down to 2500 m and deeper) becomes possible 
when a transducer can be maneuvered sufficiently close to items of the search; i.e., 
by utilizing submerged towed transducers. Experimental testing proves the possibil¬ 
ity of detecting commercial concentrations at depths of 2000 m when a transducer 
is towed at depths of 1000 m and deeper. 

The detection of dispersed concentrations of krill and various small species of 
plankton has so far presented a serious problem. Control fishing and underwater 
observations showed that dispersed concentrations of plankton organisms could be 
observed in the upper layers as well as at considerable depths (200 m and deeper). 
However, such concentrations were poorly detected or not registered at all by 
acoustic instruments. The detection of plankton concentrations at considerable 
depths will eventually become possible as a result of using high-frequency acoustic 
instruments with a large energetic potential (IT > 10 16 ) and submerged transducer. 


* It is assumed that commercial concentrations are not masked by reflections from the sea surface, bottom, 
or sound-scattering layers. These cases of detecting concentrations will be considered in Chapter 4. 
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2.2 ZONE OF DETECTION OF COMMERCIAL ITEMS 

If the potential of an acoustic instrument is to be fully exploited in the search for 
fish, it is important to have an accurate idea of the size of the zone encompassed 
by the instrument and to know its range in various directions. If we plot the distances 
at corresponding angles, using the transducer as the point of origin, we obtain the 
spatial characteristic of the range of an instrument in different directions. However, 
since it is laborious work to calculate and plot such spatial range zones of acoustic 
instruments, it is recommended to use the curves of intersection of these zones in 
certain directions; i.e., the so-called plane polar range characteristics. 

Polar range characteristics are also referred to as detection zones of acoustic 
instruments or zones of detecting biological items. The polar range characteristic of 
an acoustic instrument is the geometric location of the points representing the 
position of the given target under the condition that the magnitude of the echo signal 
has the same minimum value required for its detection. The polar range characteristic 
is determined by the following factors: the directivity of a transducer, the sensitivity 
of an instrument, and the reflective properties of a recorded item. The range char¬ 
acteristics thus combine the properties of the acoustic instrument and those of the 
target and, hence, characterize better the fish-finding properties of the instrument. 

Let us consider detection zones of fish-finding instruments regarding various 
commercial items. Specific peculiarities of sound scattering by individual marine 
animals and their concentrations (see Sections 1.2 and 1.3) serve for various meth¬ 
odological approaches in determining detection zones of acoustic instruments. Let 
us discuss the peculiarities of determining zones of detecting individual items and 
their concentrations. 

The zone of detection of an individual item by an acoustic instrument can be 
ascertained analytically or experimentally. A method used in practice is as follows 6 : 
From the many traces of individual fish on an echogram for any depth, a series of 
recordings with apparent symmetrically dropping ends are selected. The length of 
such recordings determines the distance that the ship has traveled during the regis¬ 
tration, corresponding to the longitudinal section of the zone. By making such 
measurements at various depths, one can estimate the detection zone of the echo 
sounder for various depths and create a polar range diagram. 

Another widely used method of determining the section of the zone is by the 
average number of echo signals from one fish. 6 As a rule, this is found with the echo 
counter, the sensitivity of which should be the same as that of the echo recorder. 
Dividing the number of echo signals that are recorded during a certain period by 
the number of fish counted in the echogram gives the average number of echo signals 
from one fish n,. The longitudinal section of the zone is calculated from the following 
formula: 


D 


long 



1 


(2.7) 
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where v vess is the speed of the vessel movement, f imp is the rate of transmissions 
(pings), and k f is the coefficient of form of detection zone. 

For round transducers, k, = 4/n; for rectangular ones, k f is approximately equal 
to 4/n. 

The transversal section of the detection zone determining the width of the 
surveyed area is determined from the following formula 6 : 

D ,rans = D long ^ ( 2 -8) 

where a and b are effective dimensions of the transducer in the longitudinal and 
transversal planes, respectively. Detection zones for other depths are found similarly. 

The zone of detection of an object by a fish-finding instrument can be obtained 
analytically. 6 In this case, the range of detecting a fish situated at the angle 0 to the 
acoustic axis is calculated from the equation: 

r e = r max ^G(0) 10°' 05a,r max-V (2.9) 

where r max is the detection range in axis direction and G(0) is the transducer direc¬ 
tivity function by acoustic pressure when transmitting or receiving in a respective 
plane. 

The detection zone depends on the time-varied gain (TVG). To remove the effect 
of attenuation and the spreading of the wave front with depth, when registering 
individual targets, the TVG should increase the gain according to the quasi-square 
law 6 


p = p o (r/r o ) 2 10°' la,r - r o ) (2.10) 

where r D is the range of TVG action and p o is the gain beyond the range of the TVG 
action. 

A different TVG law is necessary for excluding the dependence of integrator 
readings on the depth of locating fish concentrations. In this case, the TVG should 
increase the gain according to the quasi-linear law: 

p = p G (r/r 0 ) 1 0 °- la(r_r o ) (2.H) 

According to the chosen TVG law, the directivity factor is determined 6 

Gtvg 4 — (2.12) 

no 

2 2 

G T vg 4 =t^ (2-13) 
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Knowing the detection range in the axis direction, which is determined from formula 
(2.3), and the directivity function of a transducer, it is possible to calculate from formula 
(2.9) the detection range in various directions. Let us calculate the detection zone with 
regard to an EK60 Scientific Sounder System and a standard target with R eq = 0.1 m 
(Figure 2.3). As the figure demonstrates, with the TVG by the quasi-square law, the 
detection zone takes a conic shape and its side lobes are completely removed. Conse¬ 
quently, the correct choice of the TVG makes it possible, even with a wide transducer 
directivity, to obtain a fairly narrow detection zone. A narrow detection zone is necessary 
for calibrating the instrument, for fish scouting near the bottom, and for the analysis of 
distortions in recording of fish concentrations and schools. 

The detection zones of individual objects are also affected by the speed of vessel 
movement. 6 Search experience shows that, when detecting fish against a background 
of disturbances, the motion of the vessel causes a narrowing of the detection zone, 
a decrease in the maximal range of detection, and the appearance of “dead zones” 
at short distances. 




FIGURE 2.3 Zones of detecting an individual fish (o fish = 314 cm 2 ) by an EK60 Scientific 
Sounder System operating with the TVG by the quasi-square law at 38 kHz ( FI = 10 15 
m 2 , r G = 500 m, left) and 120 kHz ( n = 10 16 m 2 , r G = 400 m, right). The dashed lines 
show the detection zones without the TVG. 
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The zone of detection of an item concentration by an acoustic instrument is a 
space area confined by concentration sections that are the most remote from the 
acoustic axis and which account for threshold echo signals. 6 A threshold signal is 
the summary reflection from individual items located in the periphery of an impulse 
volume (Figure 2.4). The range of detecting the periphery section of a concentration 
is determined from the equation: 

Iper 4 = nO per 10“°- 2ar P« (2.14) 

where a per is the average value of the acoustic section of commercial items located 
in the periphery section of an impulse volume. 

According to relations (1.19) and (1.20) 


CT 

<V = y r pcr 2 m v 'F(0 C ff^max) (2.15) 

where 0 eff is the effective width of the acoustic beam of the instrument and 0 max is 
the maximal value of the width of the sound beam. 

Substituting expression (2.15) into (2.14), we obtain 


r p cr 2 = n y m v 'P(0 e£f ,0 max ) 1 0 -0 ' 2o V r (2.16) 

With application of the TVG by the quasi-linear law (2.11), the integral direc¬ 
tivity factor is constant and is determined from the following formula: 6 



FIGURE 2.4 Scheme of the mutual position of a transducer and a fish concentration. 


© 2006 by Taylor & Francis Group, LLC 




Scouting Characteristics of Acoustic Instruments 


45 




n(cr/2) 


m v 


(2.17) 


Equation (2.16) and Equation (2.17) make it possible to calculate and plot the 
zone of detection of a fish concentration registered by an acoustic instrument. Figure 
2.5 shows the results of calculating the detection zones with an EK60 Scientific 
Sounder System operating at different frequencies. As seen in the figure, with the 
TVG by the quasi-linear law, the detection zone takes a conic shape and its side 
lobes are completely removed. Exclusion of the side lobes of the directivity char¬ 
acteristic allows a substantial decrease of distortions in recording commercial con¬ 
centrations, especially at shallow depths, as well as of the masking effect of sound 
scattering layers (SSL) located in surface horizons. Calculations show that as density 
increases, the range of detecting the concentration increases as well and the detection 
zone gets larger. The decrease of the thickness of a concentration leads to a decreased 
detection zone. 




FIGURE 2.5 Zones of detecting a fish concentration (o = 10 cm 2 , p v = 0.1 sp/m 3 , h = 50 
m) by an EK60 Scientific Sounder System operating with the TVG by the quasi-linear law 
at 38 kHz (II = 10 15 m 2 , r 0 = 800 m, left) and 120 kHz (II = 10 16 m 2 , r 0 = 600 m, right). 
The dashed lines show the detection zones without the TVG. 
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Special attention should be paid to the influence of the acoustic characteristics 
of fish on detection zones. 6 Function above was taken as the integral 

function of the directivity of the transducer, which does not take into account 
differences in the reflectivity of fish insonified by the acoustic wave from different 
directions G flsh 2 (0). Fish in the peripheral sections of the concentration can be 
insonified from any direction within the solid angle of 2n steradians. Numerous 
measurements of fish scattering show that the nonuniformity of the backscattering 
from fish with such a wide range of insonification direction can be fairly high, 
especially at high frequencies. Therefore, when calculating zones of detection of 
concentrations with acoustic instruments, it is necessary to take into account the 
directivity of the backscattering from fish. 

Figure 2.6 shows the zones of detection of the fish concentration calculated by 
the usual method and with consideration of the influence of the directivity of 
backscattering. The figure presents a considerable effect if the acoustic instrument 
is used for detecting surface concentrations of fish without TVG. In the above 
example, the value of the side lobes of the detection zone calculated by the usual 
method is overrated more than twofold. With increasing depth of the concentration, 
the influence of the directivity of backscattering decreases. 

Figure 2.4 shows that the penetration of waves into the concentration from the 
central part of the packet is gradual; therefore, the beginning of registration does 
not correspond to the upper border of the layer. Concentration areas adjacent to the 
acoustic axis, which give echo signals below the threshold level of registration, form 
a dead zone in detecting the upper edge of the layer. 6 The range of detection of the 
central section of fish concentration is determined from the equation 


r C en 2 = n y m v y(0,e mm )10^ J2ar - (2.18) 

where 0 mill is the minimal value of directivity width (Figure 2.4). 

With application of the TVG by the quasi-linear law (2.11), the integral direc¬ 
tivity factor is constant and is determined from the following formula: 6 




n(cx / 2)m v 


(2.19) 


If the concentration is located at various depths, the values of “dead zones” are 
considerably different. Dependence of 0 min on the distance at detecting the upper 
edge of the layer shown in the polar coordinate system is the angular diagram of 
the dead zone at detecting the upper border of the concentration. 

Figure 2.1 shows the angular diagrams of dead zones when the concentration 
is detected by an EK60 Scientific Sounder System. When the TVG is used, the 
integral directivity factor corresponding to the moment of detecting the upper border 
of the layer does not depend on the depth of the concentration. The angular diagrams 
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FIGURE 2.6 Zones of detecting a fish concentration (o = 10 cm 2 , p v = 0.1 sp/m 3 , h = 50 
m) by an EK60 Scientific Sounder System operating with the TVG by the quasi-linear law 
at 38 kHz (FI = 10 15 m 2 , r 0 = 800 m): 1, calculated by the usual method; 2, calculated with 
consideration for effect of spatial acoustic backscattering by fish (herring 22.5 cm long). 
The dashed lines show the detection zones without the TVG. 

of dead zones in this case are constant at any depths. Thus, the use of the TVG leads 
to a larger dead zone in detecting the upper border of the concentration. 

The above methods allow for drawing the zones of detecting commercial items, 
determining the effective width of an ultrasound beam of a fish-finding instrument 
regarding registration of individual items and concentrations. As will be shown in 
further sections of the book, the knowledge of the effective width is necessary for 
solving various problems connected to the search of commercial concentrations and 
to biomass estimation. The precision of the elaborated methods for the zone esti¬ 
mation was verified experimentally by standard targets and by artificial model 
concentrations. 7 The results confirmed the reliability of the methods; the deviations 
of experimental data from the results of calculations from formulas (2.9) and (2.16) 
do not exceed 20%. 


© 2006 by Taylor & Francis Group, LLC 








48 


Acoustic Fish Reconnaissance 


300 0 300 



FIGURE 2.7 Angular diagrams of "dead zones” in detecting the upper border of a fish 
concentration (o = 10 cm 2 , p v = 0.1 sp/m 3 , h = 50 m) by an EK60 Scientific Sounder 
System operating with the TVG by the quasi-linear law at 38 kHz (II = 10 15 m 2 , r 0 = 800 m). 

2.3 RESOLVING CAPACITY OF ACOUSTIC 
INSTRUMENTS 

The resolving capacity of fish-finding instruments is important in the search and 
quantitative estimation of commercial items. It plays the major role in the efficiency 
of detection and interpretation of concentrations. The resolving capacity is differ¬ 
entiated as follows: by range (distance or depth), by angle (azimuth or direction), 
and by volume. 

Resolution by range is determined by the minimal distance between two items, 
with which they can be registered separately, one from the other, on the indicator. 
It is assumed that the items are situated in the radial direction relative to the 
transducer; i.e., they have the same angular coordinates. In this case, the resolution 
in registering schools or concentrations is equal to 8 
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f 

c 

d 

c 

( 3 


— + 

— 

—+ r 

sec — -1 

l Af ) 

2 

Vi 

2 1 

l 2 J 


+ H 


( 2 . 20 ) 


© 2006 by Taylor & Francis Group, LLC 



Scouting Characteristics of Acoustic Instruments 


49 


where Af is the bandwidth of the amplifier, d is the dimension of a point mark on 
the indicator (clearness of registration), v l is the speed of linear scanning of the 
indicator by the range, and H is the extension of the concentration in the direction 
of location. 

In calculating the resolving capacity in regard to the registration of individual 
fish, the latter two items in formula (2.20) can be excluded. 

Let us determine the resolution of the echo sounder using formula (2.20); let us 
assume that the impulse duration x= 1.0ms, the amplifier bandwidth Af = 1.2 kHz, 
the speed of scanning in operating on the 200-meter display range v, = 0.7 m/s, the 
dimension of a point mark d = 0.5 mm. Substituting these values into the formula 
for calculating the resolution, we obtain: 


§ r = 


, 1 1500 x 10' 3 0.5 1500 x 10~ 3 

1 + — -+- 

1.2 J 2 0.7 2 


1.4+0.6 = 2.0 m 


In operating on 300-meter range (v, = 0.45 m/s), the resolution of the instrument 
will be lower and equal to 8 r = 2.3 m. 

The calculations from formula (2.20) show that, regarding the majority of 
fish-finding echo sounders, the resolution by depth in registering individual items 
differs only slightly from the values of 8 r received. 

In registering schools and concentrations, the resolving capacity is worse. Thus, 
the resolution of the echo sounder when detecting a fish concentration with a 
thickness of H = 10 m, situated at a depth of r = 300 m, with 9 eff = 11°, is equal to 

8 r = 2 + 300(sec5.5° - 1) + 10 = 18 m 

Calculated value of the resolving capacity shows that the echo sounder will 
register fish concentrations together with recording of the ground even if fish keep 
at a considerable distance from it. With such resolution of the echo sounder, a wrong 
picture of the distribution of demersal concentrations is created, which may, in turn, 
adversely affect the results of search and fishery of items. 

Formula (2.20) indicates that increasing the resolving capacity can be achieved 
by narrowing the acoustic beam of the instrument, decreasing the duration of trans¬ 
missions, and increasing the speed of scanning and clearness of registration. Indeed, 
high-frequency echo sounders with impulse duration of x = 0.1-0.2 ms have a rather 
high resolution by depth, concerning individual items as well as concentrations. In 
addition, using electronic color indicators and devices for breaking bottom signals 
give reliable results. 

Sonar has a much worse resolving capacity than echo sounders as it has a larger 
duration of transmissions and lower speed of scanning of indicator. Thus, in using 
sonar on the 1200-meter range (Vj =0.1 m/s and x = 10 ms), the resolving capacity 
by range in registering individual items is equal to 15 m. In registering schools by 
sonar, the conditions of their resolution are even worse. 

Two objects may be recorded separately even if the distance between them is 
smaller than the range of instrument resolution, or even if they are at the same echo 
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distance but at different sides of the insonified zone; i.e., beyond the effective angle 
of the instrument. 

Regarding sonar with a circular or sector view, the resolving capacity by azimuth 
is determined by the minimal angle, which is required to register two equally remote 
items on the screen of an electronic indicator. With electronic scanning, this angle 
is equal to 8 


5 e = 0 eff +A0 (2.21) 

where A0 = d/R is the angular resolution of an indicator screen and R is the radius 
of the screen of an electronic tube. 

Taking into account that in fish location, one often has to deal with objects of 
large angular extent (schools, shoals), it is more convenient to express the resolving 
capacity by angle in units of length rather than in degrees. In this case, the tangential 
resolution of an acoustic instrument is considered. The resolving capacity of sonar 
in registering large objects can be found from the following expression 8 : 

§l = r8 e + L = r0 eff + L (2.22) 

where L is the linear dimension of an object. For example, with r = 500 m, L = 50 
m, and 0,,,, = 5°, the resolution of sonar by angle 8„ = 5 ° = 0.09 rad and, consequently, 
0 L = 500 x 0.09 + 50 = 95 m. 

Let us consider now the resolution of an echo sounder by angle. The tangential 
resolution of an echo sounder can be expressed as 8 : 

8 L = 2rtg^ +d^ + L (2.23) 

2 v 2 

where v vess is the speed of vessel movement and v 2 is the speed of the interline 
scanning of the indicator. 

When registering individual fish, the last item in formula (2.23) can be excluded. 
Let us determine the typical value of the tangential resolution of an echo sounder 
from this formula. For example, with v vess = 92.6 m/min (3.0 knots), v 2 = 8.5 mm/min 
(the range of 200 m), d = 0.3 mm, r = 200 m, and 8 eff = 10°, the tangential resolution 
8 l = 41.7 m. 

The resolving capacity of an echo sounder by angle strongly depends on the 
speed of vessel movement v vess and the speed of scanning v 2 . With a slow scanning 
speed, echo signals are registered near each other and clearer tracks overlap weaker 
ones. This leads to a lowering of the clearness of a recording, to increasing d. The 
increase of the speed of vessel movement results in an analogous phenomenon. Thus, 
with a speed of vessel movement of 10 knots (v vess = 308.7 m/min.), d = 1.0 mm, 
the tangential resolution 8 L = 74.7 m. 

The majority of fish-finding echo sounders being used by the fisheries fleet have 
a similar value of the resolving capacity. The fact that individual fish are registered 
all together even when they are located at a considerable distance from each other 
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is explained by this circumstance. The same circumstance explains the fact that 
aggregations of low density are recorded on a printer tape as monolithic concentra¬ 
tions. 

The tangential resolving capacity can be improved, first, by using the narrow 
directivity diagram of a transducer. 

The resolving volume is a generalized measure of the resolving capacity. It 
characterizes the area of the space within the limits of which objects are registered 
all together, while outside, separately. The dimensions of the resolving volume 
depend on the directivity diagram of a transducer and the duration of transmissions. 
The value of resolving or impulse volume is equal to 6 



(2.24) 


As seen from relation (2.24), the value of resolving volume greatly changes with 
depth. This means that, with the same density of a dispersed concentration, fish 
situated at a shallower depth may be registered separately, and at a greater one, all 
together. The limiting concentration density, at which a separate registration is 
possible, is 


P. lm < 1/V lmp = 8(7tcT0 eff 2 r 2 ) _1 


(2.25) 


Using formula (2.25) and polar characteristics, presented in Figure 2.3, we 
calculated the values of the limiting concentration density concerning various depths 
and an EK60 Scientific Sounder System operating at various frequencies (Figure 
2.8). The graph demonstrates that at a low frequency, even with a shallow depth, 
the limiting concentration density is not high (on the order of 0.01 sp/m 3 ). At a high 
frequency, this density can reach 0.05 sp/m 3 and more. 

Thus, the resolving capacity of a low frequency instrument ensures a separate 
registration of items only in locating highly dispersed concentrations. Only nar¬ 
row-beam, high-frequency instruments allow for registering individual items in dense 
enough concentrations. As will be shown in Chapters 5 and 6, the possibility of 
separate registration of items is very important in species, length, and quantitative 
interpretation of commercial concentrations. 


2.4 RATIONAL CHOICE OF PARAMETERS OF 
ACOUSTIC INSTRUMENTS 


As demonstrated by the aforementioned brief analysis of the main scouting charac¬ 
teristics, requirements for the parameters of acoustic equipment must take into 
account the peculiarities of distribution of fish, their reflectivity, and the operating 
conditions of the equipment. As various fish species possess different reflectivity, 
typical depth, and character of distribution, requirements for the parameters of 
acoustic equipment may vary strongly even within a comparatively small commercial 
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FIGURE 2.8 Dependence of the limiting density on the distance to a fish concentration for 
an EK60 Scientific Sounder System operating at various frequencies: 1, 38 kHz (cx= 1.5 
m. 0 eff = 7°); 2, 120 kHz (cx = 0.375 m, 0 eff = 7°). 


region. The requirements for fish-finding instruments may be even greater regarding 
various regions. 

The requirements for instruments with regard to their detection range are espe¬ 
cially varied. The development of oceanic fisheries shows that commercial concen¬ 
trations are recorded not only over shelves but also in deep water regions of the 
World Ocean. Therefore, depending on the region of work and the item of fisheries, 
the requirements for detection range can vary strongly. The achievement of the 
required range is connected to the correct choice of the operation frequency and 
acoustic power of the instrument. Optimal sensitivity of the equipment receiver also 
plays a rather important role. 

Because of different fish distribution patterns within the water bodies, there are 
various requirements for instruments regarding their resolving capacity. Thus, the 
reconnaissance of demersal concentrations must be carried out by instruments with 
possibly higher resolution; i.e., a narrow ultrasonic beam and short transmissions 
are required. In contrast, when searching pelagic concentrations, especially when 
fish keep separated, for detecting fish readings against a background of disturbances, 
it is practical to use echo sounders with a rather wide ultrasonic beam. 

Since distribution of the majority of commercial items during the day is subject 
to considerable change (pelagic concentrations may transform to demersal ones and 
vice versa; concentration density can change), it is necessary, for effective search 
of commercial concentrations, to utilize instruments with different operating fre¬ 
quencies, impulse durations, directivity characteristics, and so on. Let us discuss the 
rational choice of these parameters in detail. 
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Characteristics of Transducer Directivity 

Reliable detection of individual fish is the main requirement in choosing the char¬ 
acteristic of directivity of an echo sounder transducer. Accomplishing this require¬ 
ment depends, largely, on conditions of tossing of vessels. The major parameters of 
tossing of middle- and large-tonnage vessels at various sea states are given in Table 
2.2. We reached the cited values by averaging a large number of measurements with 
different directions of vessel motion relative to a wave and at a speed of 5-8 knots. 

The table illustrates that the rolling and pitching of a vessel may cause consid¬ 
erable deviations of an ultrasonic beam of an echo sounder. Thus, with a wave height 
of 6-12 feet, when the angular speed of the list of a middle-tonnage vessel 0 ), = 
6.5°/s, the angular deviation of the beam for an interval between transmissions with 
the frequency of repetition of transmissions f imp = 37.5 imp/min is equal to tpj = 
60co/f imp = 60 x 6.5/37.5 = 10.4°. 

In order to ensure the regular registration of echo signals from fish in a rough 
sea, the following values are recommended for the width of the transducer directivity 
characteristic in the longitudinal (0 long ) and transversal (0 lran j planes: 

®long — ^tPtrimj ©trans — (2.26) 

where tp trim and (p Hst are the angles of the trim difference and list of the vessel, 
accordingly. 

As already mentioned in Section 2.1, in bad weather conditions, the search 
capabilities of echo sounders are restricted because of sound attenuation in the 
aerated surface water layer. In addition, in a rough sea, strong aeration causes a 
decrease in acoustic resistance of the water and transducer discordance with the 
medium, which, in turn, leads to abrupt lowering of efficiency of acoustic equipment. 


TABLE 2.2 

Parameters of tossing of various kinds of vessels 


Middle-Tonnage Vessels Large-Tonnage Vessels 





Wave Height (feet) 



Parameters of 
Tossing 

3.5-7.5 

6-12 

8-20 

3.5-7.5 

6-12 

8-20 

List 

Angle, ° 

9.0 

11.5 

14.0 

6.5 

8.5 

11.0 

Period, s 

7.0 

7.0 

6.5 

12.0 

11.5 

11.5 

Angular speed, 

5.0 

6.5 

8.5 

2.0 

3.0 

4.0 

°/s 

Trim 

difference 

Angle, ° 

3.5 

4.0 

4.0 

3.0 

3.5 

4.0 

Period, s 

4.0 

4.0 

3.5 

6.0 

5.5 

5.5 

Angular speed. 

3.5 

4.0 

4.5 

2.0 

2.5 

3.0 


°/s 
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Therefore, the search of commercial items is possible only up to a wave height of 
6-12 feet regarding the middle-tonnage vessels and 8-20 feet in respect to large-ton¬ 
nage ones.* Taking into account the aforementioned limitation by tossing and using 
the data from Table 2.2, we obtain from conditions (2.26) the following values of 
the width of the directivity characteristics of a transducer, mounted into the vessel 
bottom: 0 long = 7-8°, 0 trans = 15-20°. 

With the final choice of the transducer directivity characteristic of fish-finding 
echo sounders, the conditions of registering individual items and limitations con¬ 
nected to the distortions in recording of concentrations should be taken into account. 

Taking into consideration that, in order to detect individual fish against a back¬ 
ground of impulse disturbances, it is necessary to receive from this fish no less than 
three echo signals, the width of the transducer directivity in the longitudinal plane 
0 long should be equal to 8 


Qlong^^ (2.27) 

imp 

Calculations from formula (2.27) show that the angle 0 long = 8° is sufficient to 
detect individual fish at a wide range of depths. With such a value of 0 long , the 
detection capabilities will not be hampered as the zone of the view depends only 
upon the directivity angle in the transversal plane 0 trans . 

The choice of the width of the transducer directivity characteristic of fish-finding 
echo sounders in the transversal plane 0 trans is determined by the required zone of 
the search and by distortions in registration, which grow rapidly with increasing 
angle and depth. Elementary calculations (see Section 4.2) show that an angle 0 = 
15-20° is sufficient from the point of view of the mentioned conditions. Thus, it is 
possible to consider a width of the directivity characteristic of 8 x 20° as optimal 
for a large range of depths. 

However, the suggested directivity characteristic cannot be universal for all cases 
of search. In particular, it does not guarantee a sufficiently wide detection zone when 
searching for commercial items at shallow depths, and at greater depths it leads to 
distortions in recordings. For this reason, small-range echo sounders (down to 50 
m) should have, besides the mentioned major characteristic, an additional wider one 
(0 trans = 25-30°); large-range echo sounders (800-1000 m), also a narrow character¬ 
istic (O^ns less than 10°). 

In super-range echo sounders (more than 1000 m), it is necessary to apply very 
narrow-beam transducers for which stabilization is required. In a stabilized trans¬ 
ducer, the directivity width in the longitudinal plane is determined by condition 
(2.27) only. Therefore, in super-range echo sounders, the directivity angle can be 
very small (3-5°). 

To ensure a sufficiently wide zone of search in deepwater echo sounders, it is 
practical to apply electronic scanning of the narrow beam in a transversal plane of 


* In order to ensure the search of commercial items under bad weather conditions, it is expedient to use 
a towed transducer, immersing it under the aerated water layer. 
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the vessel. Using a narrow ultrasonic beam in such echo sounders can be especially 
reliable because it reduces the masking of readings of deepwater demersal bsh. 

Operation Frequency and Acoustic Power 

In choosing an operation frequency for fish-finding instruments, one has often to 
deal with contradictory demands. A rational frequency can be a compromise between 
lower frequencies, spreading with smaller losses, and higher ones, expedient from 
the point of view of directivity and noise level. Therefore, in regard to any specific 
conditions of search, there is always a certain optimal operation frequency. 

If, when choosing the operation frequency, it is assumed that the sound attenu¬ 
ation and the threshold intensity of echo signals depend on the frequency alone, 
then in regard to specific values of the width of the transducer directivity character¬ 
istic, the calculation of the optimal frequency f opt and acoustic power P a can be made 
from the following formulas 9 : 


18.65 

W “ j.2/3 

where f t is the frequency in kHz and r is the range in km; 


(2.28) 


P 


a 


327t 2 K 5 2 p n 2 r 4 

By 2 oTpc 


(2.29) 


B = FlO 


-0.0072f 3/2 r 


(2.30) 


where K 5 is the coefficient of reliability of detection; p n is the acoustic pressure of 
disturbances, reduced to standard conditions (f = 1.0 kHz, Af = 1.0 Hz, y = 1.0); y 
is the coefficient of axis concentration of a transducer; T is the time of averaging 
of a signal, corresponding to the duration of a transmission; and pc is the acoustic 
resistance of water. 

Using the cited formulas, let us calculate the optimal operation frequencies and 
acoustic power required for fish-finding instruments with detection ranges of 600 
and 1200 m. From formula (2.18) we find that for a detection range of the instrument 
of 600 m, its optimal operation frequency should be equal to 26.3 kHz; for 1200 m, 
16.5 kHz. In calculating acoustic power regarding the optimal transducer directivity 
characteristic (0 long = 8°, 0 ttans = 20°), let us use the following typical parameters 9 : y 
= 170; K 5 = 1.1; T = 1.0 ms; 0=314 cm 2 (R eq = 0.1 m). Average values of disturbance 
level in large-tonnage fisheries vessels at a speed of 3.0 knots and with a wave height 
of 3.5-7.5 feet, p n = 0.03 Pa; at 8.0 knots and with the same sea state, p n = 0.1 Pa; 
at 12 knots, p n = 0.3 Pa. 

Formulas (2.29) and (2.30) demonstrate that, in order to ensure the detection 
range of 600 m at the optimal operation frequency with a level of disturbances 0.1 
Pa, acoustic power P a = 2.0 kW is required. A range of 1200 m at the optimal 
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operation frequency with the same level of disturbances can be achieved with P a = 
80 kW. The results of calculations at different frequencies show that the value P a is 
slightly dependent on the frequency. Only a significant deviation from the optimal 
frequency requires a substantial increase in the acoustic power. 

Since achieving high acoustic power encounters significant physical difficulties 
and is limited by the conditions of cavitation, the maximal acoustic power of a 
fish-finding instrument usually does not exceed 10 kW. 

The graph in Figure 2.9 illustrates possible ranges of fish detection with an 
instrument operation frequency of 16.5 kHz under various search conditions. For 
example, the graph shows that with P a = 10 kW, the detection of fish at a depth of 
1200 m can be ensured only when operating at lowered speeds of vessel motion, in 
good weather. At a speed of 8.0 knots and p n = 0.1 Pa, the instrument detection 
range is equal to 800 m; at 12 knots, 500 m. In rough weather, when the level of 
disturbances increases abruptly, the detection range decreases even more. 

Some increase in detection range of fish-finding instruments can be achieved by 
increasing the coefficient of axis concentration with a narrowing of the directivity 
characteristic of a transducer. Narrowing the directivity is connected to increasing 
the size of a transducer and to applying systems of stabilizing the beam. Regarding 
the specific dimensions of a transducer, the coefficient of concentration depends on 
frequency. The optimal frequency and acoustic power can be calculated from the 
following formulas 10 : 



r, m 

FIGURE 2.9 Dependence of the acoustic power on the detection range under various search 
conditions (1, f = 16.5 kHz, p n = 0.3 Pa; 2, f = 16.5 kHz, p n = 0.1 Pa; 3, f = 16.5 kHz, 
p n = 0.03 Pa; 4, f = 30.0 kHz, p n = 0.3 Pa; 5, f = 30.0 kHz, p n = 0.1 Pa). 
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(2.31) 



BS 2 oTpc 


(2.32) 


B = P10 12 10 


,-0.0072f 3/2 r 


(2.33) 


where S is the area of the active surface of a transducer. 

Formula (2.31) shows that in order to detect fish at a distance of 1500 m, the 
optimal frequency of a narrow-beam fish-finding instrument should be 30 kHz. In 
this case, as follows from formulas (2.32) and (2.33), with the transversal size of a 
transducer equal to 1.0 m, y = 5020, and the level of disturbances p n = 0.1 P a , an 
acoustic power of 1.1 kW is required; with p n = 0.3, P a = 9.6 kW. Figure 2.9 presents 
the calculated powers for other ranges of search. As the graph shows, using a 
narrow-beam transducer ensures reliable search of fish with P a = 10 kW down to the 
depths of 1500 m. 

It should, however, be noted that formulas (2.31)—(2.33) fit only for approximate 
calculations; they need an additional, more precise definition as dependences of the 
attenuation and the level of disturbances on the frequency require specification in 
regard to different conditions of the search. 

In designing fish-finding instruments with a small detection range, as well as in 
detecting small marine organisms (krill, plankton), operation frequencies and acous¬ 
tic powers have to be determined approximately. As previously mentioned in Section 
1.5, for vertical location at shallow depths, when the absorption of sound at low 
ultrasonic frequencies in the upper water layer, saturated by air bubbles and other 
heterogeneities, make up the main part of the total attenuation, using echo sounders 
of high frequencies on the order of 100 kHz and more is most effective. The 
significant efficiency of high-frequency echo sounders is explained by their sharp 
directivity and by their lower level of reception of various noises. Practice shows 
that using echo sounders at a frequency of 200 kHz gives good results when searching 
fish down to depths of 150-200 m. However, available data on sound attenuation in 
the surface layer and at the level of disturbances are still not precise enough for 
calculating operation frequencies and acoustic powers of fish-finding instruments. 

The efficiency of detecting various forms of plankton depends greatly on oper¬ 
ating frequency of an acoustic instrument. In contrast to fish, the acoustic section 
of which varies only slightly with an ultrasonic frequency, the reflectivity of small 
organisms depends strongly on frequency (see Section 1.2). It has been experimen¬ 
tally established that strong frequency dependence of the acoustic section of shrimps 
4-5 cm long and, consequently, of krill is observed at frequencies of 150 kHz and 
higher. 11 

The work on fisheries shows that echo sounders operating at comparatively low 
frequencies (20-30 kHz) register krill concentrations more poorly than those oper¬ 
ating at higher frequencies; for example, at 120 or 200 kHz. 12 Recording of krill 


© 2006 by Taylor & Francis Group, LLC 



58 


Acoustic Fish Reconnaissance 


concentration at lower frequencies is not clear enough, especially with registering 
small density concentrations, when it is difficult to determine their actual depth and 
vertical extent. In operating high-frequency echo sounders, recordings of krill con¬ 
centrations on the echogram are always distinct; the sections of different density are 
distinguished very easily. Thus, operation frequencies of echo sounders for effective 
detection of krill and other plankton organisms must be higher than 200 kHz. 
Detailed investigations of frequency characteristics of various forms of plankton are 
required for determining more accurately operation frequencies. 

Ping Duration 

As mentioned previously, a decrease in the ping duration is required to ensure a 
high-resolving capacity of an acoustic instrument. At a minimal duration, an impulse 
of typical echo sounders has a filling on the order of 20 periods of the operation 
frequency; i.e., x nlin = 20/f. For example, if f = 20 kHz, then T = 1.0 ms; if f = 100 
kHz, then T = 0.2 ms. In regard to these cases, a ping will reach its fixed value. 

Maximal impulse duration is used for detecting surface or bottom fish. Short 
impulses are required when interpreting the readings, for a separate registration of 
fish in dispersed concentrations, in measuring the target strength of individual spec¬ 
imens in situ , and so on. An increase in the ping duration when registering individual 
fish is not reasonable as it does not affect the values of echo signals. 

An increase of the impulse duration in registering dispersed concentrations can 
only be useful when detecting and clearly registering individual fish against a 
background of disturbances. It follows from Figure 2.10 that the detection of fish 
is noticeably improved with an impulse duration of T = 3.0 ms; with a duration of 
T = 1.0 ms, it becomes hard to differentiate the useful echo signals from disturbances. 
The possibility of narrowing the bandwidth of the receiver appears with an increase 
in the ping duration as Af opt = 1 /t. This promotes decreasing the energy of noises 
and better recognition of useful signals against a background of disturbances. 

Varying the ping duration in registering fish concentrations gives entirely dif¬ 
ferent results. Thus, with operation on fish concentrations of large extent, an increase 
of the impulse duration leads to extending an impulse volume; the number of fish 
in it also grows and the value of an echo signal becomes greater. Such an increase 
in echo signals will be limited only by the sound attenuation inside a concentration. 

In registering dense objects, which are only insignificantly transparent to acoustic 
impulses (a sea bottom, vessel body and so on), the summary amplitude of echo 
signals is basically formed as reflections from the area of an object. In these cases, 
the scattering element will constitute the surface, the reflected waves from which 
arrive at the point of reception simultaneously. Taking into account that the maximum 
of a reflection from a ground echo signal is caused by the first impulse volume, it 
is easy to determine the condition of the maximal use of the acoustic power of an 
instrument. It may be expressed by the following formula 8 : 


T 


opt 


2r 

c 


sec 


Qeff 

2 



(2.34) 
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1000 m 



FIGURE 2.10 Recording of dispersed blue whiting in the North Atlantic (range, 150 m; 
wave height, 6-12 feet): a, x= 1.0 ms; b, x = 3.0 ms. 

Relation (2.34) shows that, in registering the bottom with an echo sounder, 
increase of ping duration and sound beam width gives an effect to a certain point, 
beyond which there is no growth of echo signals because of the summing of 
reflections of side beams. 

For instance, with r = 1500 m and 0 e£f = 10°, the calculated value from formula 
(2.34) of ptimal duration of a sounder ping x opt = 8.0 ms. As the depth decreases, 
the value of limiting width for the diagram of detecting the bottom abruptly increases. 
However, formula (2.34) shows that, in regard to fish-finding instruments, x opt does 
not usually exceed 20 ms. 

Thus, the duration of pings for detecting individual items, concentrations, or the 
bottom should be different; their values may vary from 0.1 up to 20 ms. 

The Gain of an Amplifier 

The maximal sensitivity of an amplifier is determined by the level of disturbance 
(I n ). The admissible gain, which can be used with a given level of disturbance, can 
be expressed as 13 : 


Fmax = U min (%5 S VpclT) (2.35) 

where % is the sensitivity of a transducer in receiving, ja,V/Pa. 

It was mentioned in Section 1.5 that the values of the coefficient of recognition 
S s and the threshold level of detection U min depend, largely, on the methods of 
indication and treatment of echo signals. As to indicators of an acoustic instrument, 
the admissible value of coefficient 8 S is determined by the number of echo signals 
registered. Calculations in Section 1.5 show that when more than five signals arrive 
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from the target, S s = 1.4. With an indication of echo signals on a display or printer, 
the value of threshold registration voltage varies within limits of several volts. 

The maximal receiver gain taken for designing an acoustic instrument is set with 
consideration of the most favorable possible conditions of its exploitation (assuming 
calm weather and only slight drift of a vessel), when the disturbing noises are 
minimal. The intensity of noises on a transducer at operation frequencies of 20-30 
kHz on a vessel stopped in calm weather can be on the order of 10 -12 W/m 2 and 
less. At these frequencies, modern ceramic transducers have a sensitivity % on the 
order of 10 3 pV/Pa and more. 

Formula (2.35), with the use of all the parameters considered, demonstrates that 
the values of the maximal gain must be on the order of 10 7 . Experience with use of 
the equipment shows that such a gain is sufficient for detecting dispersed fish at 
great depths as well as small plankton concentrations. 

Search Ranges of Indicators 

One of the major requirements in choosing the main ranges of an echo sounder is 
the registration of individual items within the water layer and near the bottom. It is 
generally accepted that in order to detect an individual fish against a background of 
impulse disturbances it is necessary to receive from it at least three echo signals. 
Relation (2.27) illustrates that the repetition frequency of echo sounder pings in this 
case should be 8 


W = l"™ (2-36) 

rQlong 

This formula shows that for reliable detection of fish at shallow depths, suffi¬ 
ciently high repetition frequency is required; therefore, a large scale of registration 
is needed. 

Experience shows that in fisheries regions echo sounders poorly register fish 
dispersed near the bottom and the use of large-scale indication does not improve 
the situation because the fish are masked by ground recordings (see Section 4.1). It 
has been established that, in order to detect demersal fish by a small-range echo 
sounder (200-300 m), the vertical scale of registration is sufficient to be 0.5-0.7 
m/mm and in middle-range echo sounders (500-600 m), about 1.0 m/mm. This 
means that with screen display height or width of printer paper on the order of 200 
mm, the search range for small distance echo sounders may be 100 mm, and for 
middle distance, 200 mm. The depth of range phasing is chosen to guarantee the 
registration of fish concentrations to the limiting detection depths for these kinds of 
echo sounders. 

In determining the main ranges of an echo sounder, the disturbing effect of false 
recordings should be taken into consideration, which can be registered on the 
echogram by the second and further moves of a pen or beam. In order not to allow 
the false recordings to darken the working area of the echogram, two close ranges 
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are used; by switching to another range, false recordings disappear or are registered 
at a different depth. 

To control simultaneously the great thickness of water, small-scale view ranges 
are used. The choice of the range is determined by the type of echo sounder distance. 
However, it is difficult to detect dispersed fish on the view range, especially at surface 
layer or near the bottom. In these cases, in surveying concentrations, which are 
subjected to fishing, registration by layer with the help of an electronic expander of 
recordings is used in addition to the view and search ranges. 

The quality of fish registration on the echogram depends not only on the range 
chosen, but also on the speed of horizontal scanning in the display or paper speed 
through the printer. An analysis of many recordings has shown that the speed of 
scanning in the display or paper speed through the printer v p in the main search 
range of an echo sounder should be as follows 8 : 

v p = 0.5d (mm/imp) 
or 

v p = 0.5df imp (mm/min) (2.37) 

where d is the width of one track on the display or the printer paper; d is approxi¬ 
mately equal to 0.3 mm. 

When using an echo sounder for navigation purposes or for tentative surveying 
of fisheries areas, the following paper speed is required 

v p = 0.2d (mm/imp) 
or 

v p = 0.2df imp (mm/min) (2.38) 

With aimed fishing for detailed and precise registration of concentrations 
detected by an echo sounder 


v p = d (mm/imp) 
or 

V P = df im P (mm/min) (2.39) 

In sonar, for reliably monitoring fish schools while approaching them 

v p = d + 0.2 (mm/imp) 
or 

v p = (d + 0.2)f imp (mm/min) (2.40) 
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On the basis of conditions (2.37), (2.38), and (2.39), the following limits of the 
speed of scanning and paper speed could be recommended for the main ranges of 
echo sounders, from 0.06 up to 0.30 (mm/imp). 
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^ Search for Commercial 
Items with Acoustic 
Instruments 


The search is a step of the process of reconnaissance, which represents a number 
of operations aimed at detecting commercial concentrations. Research and fishing 
vessels perform an acoustical search to an equal degree. Fishing vessels, with the 
help of acoustic technique, perform the local search in commercial regions to 
determine the presence of significant fish concentrations. 

In the second part of the 20 th century, one of the main tasks of research vessels 
was the search of new and poorly developed regions and items of fisheries. Special 
expeditions comprised of several vessels were organized for this purpose. At the 
present time, unexplored areas in the World Ocean are few and the detection of new 
commercial regions is scarcely probable; the expenses for such searches continually 
grow. 

The conservation of biological resources and rehabilitation of overfished popu¬ 
lations in the main oceanic regions are now more important tasks than the search 
for commercial areas and items. Therefore, research vessels first ensure the control 
of the state of biological resources and fishing conditions. For this purpose, acoustic 
investigations and passing observations are carried out. Searching operations are 
only conducted when anomalous climatic conditions cause the distribution of com¬ 
mercial concentrations in known regions to strongly differ from the regular one. 

The possibilities for search and detection, as well as of the interpretation and 
estimation of commercial concentrations, depend greatly on the character of distri¬ 
bution of marine animals. Therefore, before considering the tactics of the acoustic 
search, let us examine the general forms of distribution of fish and other aquatic 
organisms. 

3.1 SHAPES OF DISTRIBUTIONS OF COMMERCIAL 
ITEMS AND THEIR REGISTRATION BY ACOUSTIC 
INSTRUMENTS 

The distribution of aquatic animals can be systematized within the species group, 
by the water area and by depth. 
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The Distribution within a Species Group 

Observations of marine organisms with the help of acoustic instruments, as well as 
from aircraft and underwater apparatus, show that specimens of one species may be 
grouped in different ways. The structure of a species group, to a great extent, depends 
on the item’s behavior and its biological conditions. This thesis relates, to an equal 
degree, various commercial fishes and non-fish items (shrimps, squids, jellyfish, and 
other forms of plankton). Each species may have the following shapes of distribution: 
dispersed, in schools, or in concentrations. 

The distribution is understood to be dispersed if individual specimens keep 
separated from one another; they are not connected by a joint behavior. A dispersed 
distribution is observed with many mass fish species immediately following their 
spawning, when fish collapse and are in a passive state. Commercial items may 
maintain dispersal within the period of feeding if food organisms are distributed 
over a wide area. 

Dispersed behavior is most typical for large fish, namely cod, haddock, sea 
perch, swordfish, tuna, sharks, and whales. Underwater observations show that 
demersal fish such as wolffish, skate, and bullhead usually maintain their individu¬ 
ality. Herring, anchovy, sprat, and other mass pelagic species much more rarely 
present such a distribution. For detecting dispersed items, acoustic instruments must 
have a high sensitivity, especially when registering individual fish at great depths. 

The distribution is understood to be a school or shoal if commercial items within 
it maintain compact groups. G.V. Nikolsky understands a school as a group of fish 
of close biological state and age, united by common behavior and orienting upon 
each other. 1 

Pelagic fish, feeding on plankton, very often have a schooling way of life. The 
schooling distribution is typical during a long period of life for various herring, 
sardine, sprat, and other planktivorous fish. For demersal fish, schooling behavior 
is not widely distributed. 

Fish gather into schools during times of migration, as well as within the period 
of intensive fattening. The dimensions of schools during the fattening depend, to a 
great extent, on the character of distribution and concentration of food organisms. 
The size of schools during migration depends on the rate of fish motion. Fish schools 
assume a streamlined shape while moving. Schools are not large in a rapid move¬ 
ment. They become much larger at fish resting places along the migration route. 
Schools attain large dimensions during spawning migrations, especially upon arriv¬ 
ing at the spawning grounds. 

School shapes and sizes may vary strongly for various reasons. Observations 
show that a school can abruptly change its shape, even for a short period of time. 
Larger schools are often crushed into smaller ones. Numerous acoustic observations 
show that the shape of schools can greatly change during vertical migrations. As a 
rule, schools extend in the vertical direction during the morning ascent. At short 
stops, the configuration of schools can change again: the vertical dimensions 
decrease and the horizontal ones increase. A larger school disintegrates into a smaller 
one during the rise to the upper layers of the water. 


© 2006 by Taylor & Francis Group, LLC 



Search for Commercial Items with Acoustic Instruments 


65 


Such an insignificant factor as the bottom relief also affects the shape of schools. 
Observations in the English Channel show that schools of herring have a clear-cut 
shape in cases when they are located over an even bottom. If a school is situated 
over a cavity or ridge, its borders are more diffuse. 

The number of fish in a school may also vary within large limits. The schools 
of gadoid fish usually include dozens or even hundreds of specimens, while schools 
of herring can aggregate many thousands of fish. 

A concentration is the unification of schools or dispersed fish, forming for 
various reasons. Often, different schools contact each other so closely that this leads 
to their partial or complete mixing. As a result of such a mixing of schools, the 
common behavior breaks down in a concentration. In this sense, fish concentrations 
are, as it were, an intermediate between a dispersed distribution and a school. 

Echo sounder observations show that schools mixing in the internal part of a 
concentration are usually more clearly distinct than those at its borders. For this 
reason, an echo sounder registers schools or dispersed fish on the borders of a 
concentration depending on the distribution form prevailing when forming a con¬ 
centration. But, there are cases when no mixing at all occurs. The observations 
showed that cod of the Barents Sea, during their feeding period on capelin, keep on 
the periphery of capelin schools without mixing with them. 

The formation of concentrations is strongly connected to specific physical or 
geographical conditions. A concentration can be caused by abrupt changes in the 
media conditions along migration routes. These may be such phenomena as a 
temperature gradient, current rotations, concentration of food organisms, and other 
reasons. Concentrations are observed in certain areas of the sea during fish fattening, 
spawning, and wintering. 

The shape and dimensions of concentrations can vary over great ranges. It 
depends on the fish abundance and the conditions of their habitation in each specific 
area of the sea. In some cases, a concentration can be large and registered by acoustic 
instruments as a narrow band of an extent of dozens or even hundreds of miles. In 
the others, the area of concentration may be rather limited, but it can have a very 
large vertical extent. 

Distribution by Water Area 

Distribution of commercial items by water areas is determined by the physical 
conditions in the water body, the food sources, the abundance of items, their phys¬ 
iological state, and so on. The distribution can greatly vary depending on the above 
conditions. As a result, the water area of the fish distribution during some periods 
includes thousands of miles, while at other times the same species concentrates on 
a very small part of the water area. 

With consideration of the above peculiarities, one can distinguish the following 
types of distribution by water area: diffuse and local. 

A distribution is called diffuse if commercial items maintain their pattern over 
a large area of the water. This type of a distribution is especially typical during the 
period of fish feeding. Such a distribution can also be observed during the spawning 
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season in the case of large spawning grounds. Of course, a necessary condition of 
a distribution for organisms over a considerable area is an abundance of them. 

A local distribution takes place if, for some reasons, fish have to concentrate 
within a limited part of a sea which is most favorable for their habitation. 

Under a diffuse or local distribution, marine organisms can maintain three types 
of interspecies groupings: dispersed, schooled, or concentrated. As a result, the 
following variants of distribution take place: diffuse dispersed, local dispersed, 
diffuse schools, local schools, diffuse concentrations, and local concentrations. 

The structural scheme of the forms of distribution is presented in Figure 3.1. 

A diffuse dispersed distribution over a large area is observed rather often in such 
demersal items as cod, haddock, or sea perch during the period of their fattening. 
The areas occupied by cod or perch in these cases, for example, in the Barents Sea 
as well as near Newfoundland Island, make up thousands of square miles. Pelagic 
fish, for instance, scomber, horse mackerel, herring, and others, may also be distrib¬ 
uted this way. Thus, in the Baltic Sea, there are periods within which, with the 
favorable distribution of food organisms and corresponding physical conditions, 
herring maintain dispersal over large areas of the sea. 

Acoustic instruments register fish and other organisms distributed dispersedly 
as a great number of individual specimens. A typical recording of a dispersed 
distribution of cod on the echogram of the echo sounder is shown in Figure 3.2. As 
is seen from the figure, individual fish are recorded clearly and separately throughout 
the entire water column, right down to the bottom. 

A dispersed concentration of large fish (cod, sea perch, and others) may be of 
interest for fisheries. Substantial catches with such a distribution of small fish can 
be obtained only by using drift nets or traps set along the currents. 

A local dispersed distribution of marine organisms is observed rather rarely. 
Such a distribution is observed under unfavorable habitation conditions and with 
small fish abundance. An example of a local dispersed distribution is the distribution 
of cod in the Baltic Sea, when fish kept separate over comparatively small parts of 
the sea because of an unfavorable oxygen regime, which existed in many cavities 
for several years. This distribution is characteristic for very large animals only 
(whales, dolphins, or sharks). 

A diffused school distribution is the most typical for marine pelagic organisms 
within their period of fattening. Within this period, fish concentrate in small schools 



FIGURE 3.1 The shapes of distribution of aquatic animals. 
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500 m 



FIGURE 3.2 The dispersed fish distribution: recording of cod in the region of the island 
Novaya Zemlya (range, 75 m). 

dispersed over a large area. A typical picture of the school distribution is given in 
the echogram (Figure 3.3). Sprat, herring, and many other fish are registered this 
way. Schools of small specimens of Antarctic krill give analogous recordings. 

To trawl schooling fish is more difficult than trawling dispersed ones or fish in 
concentrations. Considerable experience is needed in trawling moving schools dur¬ 
ing their migrations, when the densely grouping fish are sensitive to the approach 
of a trawl. 

A local school distribution is usually observed along the routes of movement of 
pelagic fish, in the places of abrupt deepening, in regions of contact of warm and 
cold currents, and near areas of plankton bloom. Schools linger and accumulate 
during fattening, spawning, and wintering migrations at these locations. 

Local schools are of great interest for fisheries. Separate schools often attain 
large dimensions and are made up of dozens or even hundreds of specimens. Large 
schools are usually called shoals. Each shoal is a commercial item for trawl or purse 


500 m 



FIGURE 3.3 Diffused schooled fish concentration: recording of herring in the North Sea 
(range, 75 m). 
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seine. When moving to spawning grounds, schools of various herring (North Sea, 
Far East, Atlantic) may have a diameter of more than 100 meters and produce catches 
of 50-100 tons. The recordings of such schools resemble comets (Figure 3.4). 

Both pelagic and demersal fish form diffuse concentrations rather often. Record¬ 
ings of diffuse concentrations usually appear as long bands at a certain depth (Figure 
3.5 and Figure 3.6). The extension of a band may reach dozens or even hundreds 
of miles. For example, herring and whiting in the North Sea, sea perch in the area 
of Newfoundland Island, and sprat in the Baltic Sea frequently form such a distri¬ 
bution. Diffuse concentrations do not usually have a high density. Catches on such 
concentrations are stable but only rarely reach large values. 

Diffuse concentrations of great density are rarely observed at present. In the 
past, when fish came to places of fattening or spawning in great abundance, this 
phenomenon took place. Herring in the Barents Sea created concentrations of great 
density arriving at the shore. Farge horse mackerel in the Black Sea also formed 



FIGURE 3.4 Local schooled fish concentration. Left: recordings of herring before spawning 
in the Baltic Sea (range, 60 m); Right: recordings of anchovy schools in the Black Sea (range, 
60 m). 



FIGURE 3.5 Diffused fish concentration: recordings of Atlantic mackerel (range, 150 m). 
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FIGURE 3.6 Diffused fish concentration: recordings of horse mackerel in the Black Sea 
(range, 300 m). 


this kind of distribution. Huge concentrations were typical for Far East herring while 
coming to the near shore zone for spawning. The catches obtained from these 
concentrations were especially great. 

A diffused distribution is the most typical for plankton and other small marine 
organisms; it is always observed in near shore waters, as well as in an open sea and 
registers as one or several layers. The extension of concentrations can reach hundreds 
of miles. The thickness of layers varies from several meters to hundreds of meters 
and more. Such concentrations are called sound-scattering layers (SSL). 

Sound-scattering layers have been investigated in many seas. 2 They are classified 
as shallow- and deepwater. Deepwater scattering layers usually take place over 
depths of more than 500 meters. Even in such a poor populated sea as the Sargasso, 
we observed scattering layers consisting of concentrations of plankton, shrimps, and 
different deepwater fish which were registered by the instruments as continuous 
bands of 100 meters in thickness. 

Local concentrations represent aggregations of marine organisms, which are 
formed in certain sea areas within periods of minimal activity during fattening, 
spawning, or wintering migrations. In contrast to a local school distribution, these 
concentrations appear only with mass migrations. Concentrations of especially great 
density are formed at spawning grounds and on the way to them. 

Sea areas favorable for creating concentrations of marine organisms are charac¬ 
terized by the contact of currents and by specific physical and chemical parameters. 
For example, concentrations of Antarctic krill are formed in areas of rotations of 
water masses with certain concentration of oxygen, silicon, and phosphorus. Many 
fish species accumulate in places of elevation of the bottom along temperature 
gradients. Fish make stops of the longest duration near spawning grounds on slopes 
of banks and inshore shallow waters. 

Local concentrations exist in nearly all water bodies where there are mass 
commercial fish. Fish capability for creating stable, dense concentrations is very 
important for fisheries. A fishing fleet works especially efficiently on such con¬ 
centrations. 
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Distribution by Depth 

Besides horizontal movements, marine organisms make vertical migrations over the 
ocean’s depth. 3 Commercial items change the depth of their habitation depending 
on the physical conditions, such as illumination, water mass mixing, and distribution 
of food organisms. The distribution depth can vary over great ranges within the life 
cycle: during some times, items remain distributed throughout the entire water 
column; during others, a certain range of depths limits the zone of their distribution. 
It has been noted that larger specimens are often distributed at greater depths as 
compared with smaller ones. 

Temperature conditions greatly affect vertical migrations of marine animals. 
Irregularity in the temperature distribution by depth, and especially abrupt temper¬ 
ature gradients, may strongly limit the zone of vertical distribution of items, pro¬ 
moting their concentration at several depths. For this reason, acoustic instruments 
often register concentrations as one or several layers at certain depths. 

Through the use of acoustic technique, extensive material on the vertical distribu¬ 
tion of marine organisms in various water bodies has been collected. Peculiarities of 
vertical distributions of pelagic and demersal fish at different times have been estab¬ 
lished. In particular, acoustic instruments revealed the significant vertical migrations 
of cod, haddock, or sea perch; i.e., fish, that were considered as a group to be demersal. 
It has been established that these fish, in addition to a long residence period near the 
bottom, are located a significant amount of time in intermediate layers of the water. 

A characteristic peculiar to vertical migrations is the fast transformation of one 
shape of distribution to another. A dispersed distribution can be transformed to 
schools, schools to a concentration, and so on. For instance, during the daytime, cod 
may be located near the bottom as a concentration, while at night they have a 
dispersed distribution after rising to upper water layers. Within the period of fatten¬ 
ing, herring may form as a concentration during daytime but, during the evening, 
they are grouped into schools and then they disperse near the surface. At night, fish 
are distributed in the upper layers rather evenly throughout the water area. At dawn, 
when fish begin to see each other, they gather into schools. The morning descent is 
also performed in schools. 

Before spawning, herring and some other fish behave slightly differently: they 
remain as concentrations during vertical migrations and their movements are accom¬ 
plished slowly. In general, as shown by echo sounder observations in various water 
bodies, the greatest variety of fish distribution forms are observed during the fattening 
period, while the least occur during spawning. 

In the presence of mixed fish concentrations, a different character of vertical 
migration for each species and its separate populations leads to various fish distri¬ 
butions during their vertical movement. For example, we observed a complicated 
picture of the vertical migrations of herring in the North Sea within certain periods. 
It may happen that in the evening, simultaneous with a slow concentration movement 
throughout the water column, rising of schools to the surface takes place. An 
analogous phenomenon also occurs during the morning descent of herring (Figure 
3.7). Such mixed vertical migrations result from the fact that different populations 
of cod, with various physiological conditions, gather in the same region. 


© 2006 by Taylor & Francis Group, LLC 


Search for Commercial Items with Acoustic Instruments 


71 


500 m 



FIGURE 3.7 Recording of the morning sinking of herring in the North Sea (range, 75 m). 


Daily vertical migrations of fish and other marine items are connected with the 
alternation of day and night. For example, the distribution of most planktivorous 
fish within the water column depends strongly on illumination. 3 Fish sink in depth 
with the sunrise. In cloudy weather, they rise to the surface again. Even at night, 
fish behave differently: by moonlight, they disperse to a greater extent than on dark 
nights. 

Scattering layers of noncommercial items also have well-pronounced daily ver¬ 
tical migrations. During daylight, they may be distributed down to a depth of 500 
meters, and toward the evening, they move to the upper layers of the water. Typical 
to that during vertical migrations is a division of one concentration into several 
layers, segregated by species and length composition (Figure 3.8). Sometimes, 
several layers are observed during daylight. Without proper experience, acoustic 
recordings of such scattering layers can be easily taken for fish. 



FIGURE 3.8 Recording in the vessel drift of the morning sinking of marine organisms in 
the Sargasso Sea (range, 600 m). 
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Variation of illumination influences the character of migration especially 
strongly for such demersal fish as cod and perch. In daylight, sea perch near New¬ 
foundland Island compress themselves toward the bottom; during cloudy weather, 
they rise up from the bottom. Sometimes, such displacements are observed over 
several hours and even during the course of one trawling. Observations of the vertical 
distribution of Barents Sea cod and haddock indicate great daily fluctuations of 
catches in spring and fall. In summer and winter, i.e., during a polar day or a polar 
night, there are practically no vertical migrations; therefore, the fluctuations of daily 
catches are not great. 

It follows from the above that the distribution of commercial items substantially 
affects the results of fisheries utilizing different fishing gears. However, all types of 
distributions can provide commercial catches. Therefore, it is necessary to ensure 
the detection of items by acoustic instruments for all types of distributions. 

Further on, in analyzing the possibilities of acoustic equipment for a biomass 
search and estimation, we will widely use the term “commercial concentration.” 
Commercial concentration will be understood to be a grouping of marine animals, 
distributed dispersedly, schooled, or concentrated, that may be an object of fisheries 
for a commercial fleet. 

3.2 TACTICS OF SEARCH FOR COMMERCIAL 
CONCENTRATIONS 

In searching for concentrations, especially during anomalous years, when great 
regions of the sea must be investigated, one first tries to find water areas with 
favorable conditions for habitation of commercial items. For this purpose, back¬ 
ground surveys of the regions are carried out. The grid of transects of a survey is 
located so that it will intersect zones of a supposed contact of currents, depth overfall, 
and along the general direction of isobaths. A background survey should include, 
in addition to standard physical transects and stations, acoustic observations with 
control fishing for an ichthyologic analysis. On the basis of such a background 
survey, the water areas favorable for formation of concentrations are selected. In 
these areas, a more detailed acoustic search of commercial concentrations is con¬ 
ducted. 

The possibilities of designing a search in a certain region depend, first of all, 
on peculiarities of the distribution and behavior of commercial items, which are 
determined by the complex of factors of the habitation medium and can change 
during the life cycle of animals. Taking this fact into consideration, it is possible to 
recommend only general statements to be used in designing a search for commercial 
items. 

The region of the search is usually determined by data of fisheries from past 
years, the bottom relief, hydrometeorological conditions, and so on. In the presence 
of the contact of different waters, currents, or depth overfalls, the search should be 
carried out across currents and isobaths. If the temperature distribution is known, 
transects are located at a certain angle to isotherms. In cases when commercial items 
rise to the surface at night and are poorly registered by acoustic instruments, the 
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search is conducted during daylight only. The transect direction has to be changed 
taking into account the roughness of the sea during bad weather because of the 
adverse influence of sea-generated noises on the signals of fish-finding instruments. 

The cited tactical statements and methods allow for specifying the borders of 
the regions of the search work and determining the general direction of transects. 
The next important preparatory step of the search is designing the grid of transects 
for efficient acoustic detection of commercial concentrations. 

The determining condition for success of acoustic detection of commercial 
concentrations is their crossing by search transects. All concentrations, which fall 
into intervals between transects, form irreversible losses at this step of the search 
and can be detected only by following scouting work. Therefore, it is obvious that 
the grid of transects designed directly affects the efficiency of the search survey. 

In the practice of designing a grid of transects, permanent compromise solutions 
have to be found in the following contradictory situation: on the one hand, a denser 
grid of search transects leads to a higher probability of detecting commercial con¬ 
centrations; on the other, a denser grid of transects increases the duration and cost 
of the search work or, with the same expenditures and duration of work, decreases 
the dimensions of the water area studied. 

In the present section, we will not discuss questions of commercial efficiency 
of the search. Let us consider theoretical and practical statements connected to the 
efficiency of the search with the help of an echo sounder. 

The probability of intersection of commercial concentrations by transects can 
serve as a convenient characteristic of the efficiency of search surveys. Buffon, a 
known 18 th -century French naturalist, first successfully solved an analogous problem 
on geometrical probability. He determined the probability of intersection of parallel 
lines by a randomly located segment of straight line. This problem was further 
solved, in a generalized form, by the French investigator of the 19 th century, Barbier, 
which proved that the probability of intersection by the line of the figure having the 
maximal dimension D, 4 


p = ®/(7tD) 

(3.1) 

D = ®/(jtp) 

(3.2) 


where <f> is the perimeter of the figure. 

It follows from relation (3.1) that, regarding the search for commercial concen¬ 
trations by echo sounder, it is necessary to know the geometric parameters of a 
concentration and of the grid of transects for determining the probability of its 
detection. 

Geometric dimensions and configurations of commercial concentrations can vary 
greatly. In addition, they vary strongly depending on the biological state of items 
and environmental factors. Therefore, they can be considered as random variables. 
As a rule, concentration shapes are so complicated and diverse that it is impossible 
to directly systematize them by geometric parameters. As a way out of this difficulty, 
real concentrations should be approximated by idealized concentrations of round or 
elliptic shape equal by area. 
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A circle usually approximates the contours of commercial concentrations. The 
approximation by an ellipse with a certain degree of extension is possible if there 
is confidence that the item distribution in the area under study has a pattern stretched 
in a known direction, for instance, at the border of currents, within a gradient zone, 
at the depth overfall, along certain isobaths or isotherms, and so on. 

If the shape of a concentration is considered round, then relation (3.2) takes its 
simplest form: 


D = WP 


(3.3) 


where l con is the diameter of a concentration. 

In regard to an elliptic concentration, relation (3.2) assumes the following form: 


D 


l-5(lco„+C)-A„C]/(2p) 


(3.4) 


where T con and l" con are the dimensions of the large and small axes of the ellipse. 

It appears that the cited relations permit solving the problem of determining the 
optimal distance between transects when detecting commercial concentrations of a 
round shape. However, the practical application of relations (3.3) and (3.4) is limited, 
as they do not allow judging about the degree of intersection of concentrations with 
the ultrasonic beam of an acoustic instrument. 

Experience shows that, when registering the border of a concentration, it may 
be considered as noncommercial and, then, one may pass it by; therefore, for 
ensuring the reliability of the detection of a concentration, it is necessary to intersect 
a significant part of it. Taking this into account, the calculation of the grid of transects, 
based on the solution of the Buffon-Barbier problem, boils down to the application 
of corresponding formulas, tables, and nomograms. 

Methods of optimizing the grid of the search in geologic reconnaissance of the 
deposit of minerals are the most highly developed. Taking into consideration that 
the conditions of the problem of determining the optimal grid of transects coincide 
with those of acoustic search, we used the main principles and methods of calculating 
a geologic grid of transects. The calculations are made regarding immovable objects 
of a search for round and elliptical shapes and a uniform grid of transects. For the 
case of an elliptical shape of objects, it is assumed that its orientation, to a certain 
extent, is known: transects are carried out perpendicularly to the direction of the 
maximal stretching of an object with a maximal error of ±30°. 

Under the condition that the major axis of an elliptical object l con is less than 
the distance between transects D, the interval of intersection of the object by a 
transect can be expressed as (Figure 3.S) 

l cr (x,0)= 21' on / (al" n )-Ja 2 (l" n ) 2 /4-x ; 2 ; a 2 = sinT) + (l con /l co „') 2 cos0 (3.5) 
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FIGURE 3.9 Scheme of crossing an object of elliptic shape by parallel transects. 

where 0 is the angle of the orientation of the elliptical object in relation to the 
direction of a transect and x ; is the coordinate of the center of the object. 

The probability of intersecting the elliptical object by a transect at the segment 
l cr with a fixed angle 0 is determined by the following dependence: 


x i 



(3.6) 


o 


Unknown values of probabilities p(0) for various locations of the ellipse are 
found through bulky numerical integration of expression (3.6) at the interval of 
values (0, 30°) by the formula of Simpson. The probabilities p(0) for the case when 
the unknown object is intersected by two transects are calculated in an analogous 
way. 

In solving the problem of the search for commercial concentrations, we used 
the results of calculations presented as tables, graphs, and nomograms. 5 The graphs 
of probability of intersecting commercial concentrations of a round and elliptical 
shape by one or two transects are shown in Figure 3.10. It is assumed in calculations 
that the variation in locating elliptical objects is possible within the range of 0 = 
±30°. The graphs are given for various lengths of intersection, expressed as a part 
of the parameter of the grid of transects D and the extent of stretchiness of concen¬ 
trations (b = l con /l con )- Along the abscissa axis, the distances between transects are 
given, expressed as units of l con . Along the ordinate axis, the probability values are 
shown. 

The cited graphs make it possible to determine the optimal grid of transects for 
given dimensions of commercial concentrations, the interval of their intersection, 
and the probability of detection. 

It is also possible to solve the inverse problem, objectively characterizing the 
reliability of investigating a region, estimating the degree of authenticity of the 
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FIGURE 3.10 Graphs of probabilities of crossing objects of various shape by the grid of 
parallel transects. Top: the shape is round (solid line, crossing by a single transect; dashed 
line, crossing by two transects): Bottom: the shape is elliptic (b = 0.1, 0 = ±3O°;dashed line, 
crossing by a single transect; solid line, crossing by two transects). Numbers correspond to 
the following relations: 1, l cr = 0.05D; 2, l cr = 0.1D; 3, l cr = 0.2D; 4, l cr = 0.3D; 5, l cr = 0.5D. 
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results of surveys conducted earlier taking into consideration the geometrical param¬ 
eters of concentrations revealed and the density of the grid of transects. 

For determining an optimal grid of transects, an a priori estimate of the dimen¬ 
sions of commercial concentrations is necessary. It is quite obvious that, in designing 
the search, an orientation towards detecting all concentrations should not be made, 
as this would lead to an excessively dense grid of transects and, consequently, to a 
great volume of work with a resulting increase in cost. Clear requirements as to 
dimensions of objects, the value of the interval of intersection and the probability 
of detection should stand as the base of designing a search. 

In a traditional commercial region, the characteristic dimension of commercial 
concentration should be known for each period of fisheries; it is determined from 
the results of acoustic surveys conducted over a number of years. If no acoustic 
surveys have been carried out within the region of search, it is desirable to search 
for a clear enough analogy with some well-studied region and to use this for making 
judgments on the character of distributions and concentration dimensions. When 
working in weakly studied regions, one may get an idea about dimensions of 
“typical” concentrations from the condition of their commercial significance ensur¬ 
ing a profitable catch. 

It is shown in Section 8.1 that the commercial significance of concentrations (in 
tons/hour), i.e., the values of possible catches, is calculated from the following 
formula: 


Q - 2.9 x 10 7 K Q W trawl p int /L vert (3.7) 

where K Q is the coefficient of catching ability of trawls used in the fisheries; p int is 
the area density of a concentration within the layer of trawling, tons/mile 2 ; L vert is 
the vertical opening of a trawl or the thickness of a layer, m; and W trawl is the technical 
productivity of a fishery complex, m 3 /hour; 

W, rawl = 1.85 x 10 3 L vert L hor v vess (3.8) 

where L vert and L hor are the vertical and horizontal openings of a trawl, m; and v vess 
is the speed of a vessel’s movement in trawling, knot. 

The extension of a concentration l con (in miles), in which the commercial sig¬ 
nificance is estimated, is determined as 

Icon = V vess t! (3.9) 

where tj is the time, equal to one hour. 

Substituting (3.7) into (3.8) and (3.8) into (3.9), after transformations we obtain 
the following relation: 


1.85xl0 3 Qt 1 

KtjLhorP int 


(3.10) 
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It follows from relation (3.10) that the minimally acceptable dimension of a 
commercial concentration in a weakly studied region can be determined by tentative 
characteristics of the area concentration density within the zone of fishing p int , the 
commercial significance of a concentration Q, the values of the openings of a trawl 
used L vert and L hor , and the coefficient of its catching ability K Q . The mentioned 
information is received from preliminary acoustic observations and control fishing 
in the region under investigation. 

If, for example, the horizontal opening of a trawl l hor = 30 m, the coefficient of 
its catching ability K (J = 0.2, the density of a concentration within the zone of fishery 
p int = 200 tons/mile 2 , and the commercial significance Q = 5.0 tons/hour, then 
substituting these values into formula (3.10), we obtain the minimally acceptable 
dimension of a concentration for fisheries in the given region: 


^con 


1.85 x 10 3 x 5.0 x 1.0 
0.2 x 30 x 200 


= 7.7 miles 


Depending on the population quantity and the character of its distribution, the 
diameter of a concentration may be from several miles to dozens of miles. For 
detecting commercial concentrations, which can be approximated by a circle, it is 
enough to intersect them with a single search transect. An intersection by two and 
more transects is required when searching for concentrations of elliptical shape. In 
any case, the probability of detection of commercial concentrations should be high 
enough - no less than 0.9. 

The extension of the interval of intersection is set on the basis of commercial 
significance and structure of concentrations. Minimally acceptable values of con¬ 
centration density and the thickness of their recording can be taken as criteria for 
its choosing. In order to ensure the possibility of making a decision on the commer¬ 
cial significance of a detected concentration during the search, the minimal area 
concentration density within the layer of fishing should be no less than the deter¬ 
mined value. For instance, the density of a commercial concentration of krill should 
be no less than 200 tons/mile 2 (with l vert = 20 m), that of blue whiting no less than 
150 tons/mile 2 (with l vert = 60 m), and so on. 

The extension of recordings of commercial items along the length of the interval 
of intersection should be different for various shapes of distribution of concentra¬ 
tions. Practice shows that, in designing a grid of transects regarding the search for 
concentrations consisting of dense schools or shoals, the overall extension of such 
commercial items along the interval of intersection should be no less than l ext = 0.05 
miles. The interval of intersection is usually expressed through the coefficient of 
filling of schools on transects K fill = l ext /l cr ; that is, l cr = l ex /K ffll . If the search is 
designed for dispersed concentrations distributed over great enough expanses of the 
water area, then the interval of intersection of such a commercial concentration 
should be no less than half a mile; that is, l cr = 0.5 mile. 

It was assumed in all the previous considerations that the grid of transects could 
be designed without taking into account the detection range of an acoustic instrument 
in a direction perpendicular to the vessel motion in the horizontal plane. This 
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assumption is true with regard to echo sounders as the diameter of their detection 
range is always smaller than the distance between transects. However, with the search 
for concentrations by sonar, the detection range of which is commensurable with 
the distance between transects, the situation is different. In this case, the distance 
between transects should be increased by double the detection range of the sonar. 

Let us return to the determination of the grid of transects according to the 
assumed dimensions of commercial concentrations taking into account the extension 
of the interval of their intersection and the probability of detection. In using echo 
sounders, the values of D are identical to the distance between transects, while with 
sonar they should be increased by the value of a double detection range of an 
instrument r max (Figure 3.10). This circumstance should be taken into consideration 
when performing practical calculations. Let us consider examples of such calcula¬ 
tions with the use of the mentioned graphs. 

Example 1 

Let the diameter of a significant fish concentration of round shape l con = 10 miles. 
Assuming that the probability of its detection in carrying out one transect p = 0.95 and 
the extension of the interval of intersection l cr = 0.05D, from the right graph in Figure 
3.10, top, we obtain D/l con =1.1. This means that in using an echo sounder, the distance 
between transects l solmder = 1.1 x l con = 1.1 x 10 = 11 miles. If sonar with detection 
range r max =1.5 miles is used, then the distance between transects l sonar = l sounder + 2r max 
= 11 + 2.0 X 1.5 = 14 miles. 

Example 2 

A commercial concentration of elliptical shape has been detected by two transects. The 
extension of a concentration by the major axis is l con ' =15 miles while by the minor 
axis l con " =1.5 miles; that is, the extent of stretchiness of a concentration b = 1.5/15 
= 0.1. Assuming the probability of its detection when carrying out one transect p = 
0.90 and the extension of the interval of intersection l cr = 0.1D, from the left graph in 
Figure 3.10, bottom, we obtain D/l con = 0.4. This means that in using an echo sounder, 
the distance between transects l sounder = 0.4xl con ' = 0.4 X 15 = 6.0 miles. If sonar with 
a detection range r max =1.5 miles is used, then the distance between transects l sonar = 
Lunder + 2r max = 6.0 + 2.0 X 1.5 = 9.0 miles. 

The method considered for calculating the optimal distance between transects 
is approximate, as the assumption that a priori concentrations taken have a contin¬ 
uous spatial distribution is true only in rare cases. Practice shows that the spatial 
distribution of commercial concentrations is patchy; each patch consists of compar¬ 
atively small separate aggregations of various dimensions. It is clear that it is 
impossible to determine the average geometric probability of their detection without 
accounting for the length of the series of concentrations. This, in turn, does not allow 
us to estimate the efficiency of the search of all unknown concentrations located 
within the area of an investigated region. 

As was already mentioned, in designing the grid of transects, it is impossible to 
orient on each comparatively small concentration as, for its reliable detection by an 
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echo sounder, the distance between transects should be of the order of the dimension 
of a concentration (Figure 3.10). Unfortunately, the limits of time and the dimensions 
of commercial regions require us to carry out searches using sparser grids of 
transects. It should be taken into account that, if the distance between transects is 
chosen equal to nl con (where l con is the diameter of a concentration), then in searching 
with an echo sounder, about 1/n of all concentrations located in the investigated 
region will be detected. 5 

It is possible to estimate the general probability of detecting at least one of a 
group of concentrations of approximately the same dimensions from the following 
formula: 


Pgroup = 1 - (1 - Pi)” (3-11) 

where p, is the probability of detecting one concentration and m is the number of 
concentrations in the region under study. 

For example, suppose that in the region under investigation there must be no 
less than three concentrations (m = 3) and their dimensions l con = 3 miles. Working 
with an echo sounder, if the distance between transects is taken equal to D = 1.7 x 
l con = 5.0 miles, and the interval of intersection l cr = 0.2 x D = 1.0 miles, then the 
probability of detecting each concentration P[ = 0.5 (Figure 3.10). In this case, 
calculated from formula (3.11) the general probability of detecting a group of 
concentrations p group = 1 - (1 - 0.5) 3 = 0.875. This means that the given mode of 
investigation should ensure high enough reliability of detecting aggregations, indi¬ 
cating the possible presence of a commercial concentration. 

A set of statistical data on the distribution of commercial items is required for 
designing the grid of transects more precisely and for estimating the searching 
efficiency of surveys. It is expedient to collect such data while carrying out acoustic 
surveys in various commercial regions. 

Knowledge of probability characteristics of commercial concentrations makes 
it possible to choose the required dimensions of aggregations for determining the 
distance between transects. From the results of the search work, such characteristics 
allow for determining which part of concentrations remained undetected, objectively 
estimating the efficiency of the search in relation to the overall length series of 
concentrations located in the area of the investigated region. Characteristics of 
distribution of commercial items are also very important for estimating the catching 
ability of fishing gears, for improving their productivity. 


REFERENCES 

1. Nikolsky, G.V., The Ecology of Fishes, Barkett, L., Trans., Academic Press, London, 
352, 1963. 

2. Andreeva, I.B. and Samovol’kin, V.G., Sound Scattering by Sea Organisms, Agro- 
promizdat, Moscow, 102, 1986 (in Russian). 

3. Zusser, S.G., Daily Vertical Migrations of Fish, Pischevaya Promyshlennost, Moscow, 
223, 1971 (in Russian). 


© 2006 by Taylor & Francis Group, LLC 


Search for Commercial Items with Acoustic Instruments 


81 


4. Boev, G.P., The Theory of Probabilities, Gostekhizdat, Moscow, 386, 1950 (in Rus¬ 
sian). 

5. Savinskii, I.D., Probability Tables for Locating Elliptical Undergroud Masses with 
a Rectangular Grid, Consultants Bureau, New York, 110, 1965. 


© 2006 by Taylor & Francis Group, LLC 



Efficiency of Detection of 
Commercial Items with 
Acoustic Instruments 


With the help of acoustic instruments it is possible to quickly detect commercial 
concentrations of biological items, determining the distance and bearing, the dimen¬ 
sions and depth of their submersion. Acoustic instruments allow one not only to find 
but also to maintain contact with detected concentrations, not losing them. 

Investigating fishing areas and nearby parts of the sea with fish-finding instru¬ 
ments, it is possible to follow the spatial movements of fish. This is especially 
important during periods of great activity when the fish move unexpectedly and 
rapidly. Acoustic instruments allow for selecting denser concentrations within a 
fishing region and aiming fishing gear at them. Thus, it is possible to increase the 
efficiency of fisheries in this way. 

At present, practically all fishery vessels possess acoustic instruments. However, 
the possibilities for their use on various bodies of water are far from being the same. 
Efficiency in detecting commercial concentrations is the main requirement for acous¬ 
tic equipment. In this sense, the general efficiency of reconnaissance of fish and 
other marine items strongly depends on the possibilities of acoustic technique. 

The possibilities of detecting biological items depend not only on the range, 
detection zone, and resolving capacity of acoustic instruments, but also on the 
character of distribution of commercial items. Let us analyze the peculiarities of 
detecting and registering commercial items in order to clearly imagine the possibil¬ 
ities of acoustic instruments regarding various fishing conditions. 

4.1 POSSIBILITIES OF DETECTION OF COMMERCIAL 
ITEMS BY ECHO SOUNDER 

The main reasons for the rapid development of the fish-finding technique are the 
difficulties of searching for commercial concentrations and the decrease in the 
productivity of fisheries in traditional regions because of their intensive exploitation 
and the introduction of 200-mile zones. At present, acoustic instruments for vertical 
location, echo sounders, are widely used by the fishing fleet. Fish-finding echo 
sounders allow for detecting commercial concentrations under the vessel bottom, 
determining their dimensions and depth of submersion. 

A great number of types of echo sounders are used on fishing and scientific 
vessels. For increasing the work efficiency of fisheries and scientific vessels, echo 
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sounders have been developed with a higher sensitivity, wider range of functional 
possibilities, and finer precision characteristics and indication. 

The application of modern electronic technique has allowed for the introduction 
into practice the numerical treatment of echo signals, memorization of information, 
and decreasing the influence of disturbances. Different modes of operation are used 
in echo sounders. Simultaneous indication at two frequencies, expansion of the scale 
of registration, connection with the bottom, breaking of bottom signals, fixating echo 
sounder data on a display screen or printer paper, as well as provisions for navigation 
instrumentation, temperature sensing, and other information required for search and 
fisheries are all now readily obtainable. Application of microprocessors permitted 
avoiding multiple connectors and setting the mode of operation of an echo sounder 
using a numerical control panel. It is possible to set a great number of various 
parameters, each of which may assume several values. 

Color indicators are utilized widely owing to a high clearness of the color 
representation of commercial concentrations and the ease of distinguishing color 
indications. It is known that an eye can distinguish approximately two times more 
gradations of a color than of brightness. As a result, there is the possibility of using 
up to 16 colors, each of which corresponds to a determined level of echo signals. 
A color indication increases the contrast, the ability to distinguish targets, and the 
precision of estimating the differences of concentration density. This makes it pos¬ 
sible to differentiate signals from individual fish against a background of sound-scat¬ 
tering layers and, near the bottom, to pinpoint denser parts of commercial concen¬ 
trations, and to estimate their density. 

It should, however, be noted that the application of color electronic indicators 
does not exclude the use of recorders. Color recorders (printers) are used in the 
complete treatment of echo signals in stationary conditions for constructing plane 
tables of distribution of commercial concentrations, graphs, typical echograms, and 
so on. In some cases, it is expedient to use printers in marine conditions. They can 
be applied, for example, in carrying out long-term search works or passing obser¬ 
vations (see Chapter 9), when it is important to compare current echograms with 
those already observed on a monitor, for the analysis of a situation. 

As mentioned in the previous chapter, the possibilities of search and aimed 
fishing of commercial concentrations are determined by the degree of investigation 
of a region and the character of the distribution of concentrations. Practice shows 
that in the exploited regions, where a large fishing fleet operates, a local search of 
commercial concentrations can be ensured by use of an echo sounder. Generalization 
of the results of the search and catches by radio transmission between fisheries 
vessels usually allows reception of a clear enough presentation regarding the distri¬ 
bution of concentrations in a region. In such cases, an echo sounder is used for 
specifying the location of commercial items in the area of fishing. 

An echo sounder also permits one to follow the depth location of a concentration, 
which is important for establishing the horizon of fishing by a variable depth trawl, 
drift nets, and other fishing gears. For bottom trawl operations, an echo sounder 
makes it possible to choose locations where fish hug the bottom; it marks the 
unevenness of the bottom. 
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Unfortunately, an echo sounder has limited possibilities in aimed fishing. It 
records signals outside of the boundaries of the vessel because of the width of its 
beam; i.e., for several dozens of meters in the best case. Therefore, fish schools and 
shoals can be detected only if a vessel passes over them, and, for fishing a detected 
shoal, it is necessary to repeatedly meet with it. 

It is natural that in aimed fishing, meeting with a shoal by using the readings 
of an echo sounder can be rather approximate. As to small schools, it is only possible 
to meet them by chance with the help of an echo sounder. Therefore, in fishing small 
schools by a trawl, an echo sounder is only useful in contouring the relief of a 
trawled part of the bottom and in sensing the presence of fish under the bottom of 
the vessel. Reliable results of aimed fishing of detected commercial concentrations 
by the readings of an echo sounder are possible only in the case when concentrations 
have a large horizontal extension. 

As stated in the previous chapters, echo sounders allow for a search of commer¬ 
cial concentrations at great depths, even registering individual targets. At the same 
time, even the most up-to-date echo sounders do not always correctly reflect the real 
distribution of items by depth. This is especially true in relation to item registration 
near the bottom and at the surface of the sea. 

It is difficult to carry out a search for commercial concentrations, which hug the 
water surface. Because of the surface reverberation, as well as a vessel frightening 
off fisheries items located close to the surface, a search for them is often possible 
only beginning from a depth of 5-10 m or more below the keel of a vessel. For 
detecting fish in the upper layers of the water, different types of sonar are used. It 
is possible to detect fish concentrations near the surface with the help of towed 
transducers operating upside down. Preliminary experimental works have provided 
hopeful results. 

Practice shows that echo sounders do not always register dispersed fish at the 
bottom and, in the case when they do register, recordings do not often correspond 
to catches: it is possible that an echo sounder shows only a few fish but catches are 
significant; and, on the contrary, it can appear that, according to recordings, there 
is a great amount of fish but the catch is light. The discrepancy between recordings 
of fish and their real distribution is explained by the masking of bottom fish record¬ 
ings by reflections from the ground.* 

One of the reasons for the masking of recordings of bottom fish on the indicator 
of a fish-finding instrument is the sphericity of the front of sound waves. As seen 
from Figure 4.1 , top, echo distances down to bottom fish, which fall at the sides of 
an ultrasonic beam, exceed the real depth because of the wave front sphericity; 
therefore, they are undetected by the instrument. An echo sounder can detect only 
fish falling into the segment indicated in black in Figure 4.1, top. 

Assuming the section of the sound beam as round and the bottom as absolutely 
even, we will determine the diameter of the detection zone D, within which bottom 
fish are registered over the line of the bottom. Simple calculations show that 


* The reasons for masking of commercial concentration near the bottom were first investigated by 
Yudanov. 1 
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FIGURE 4.1 Scheme of masking recordings of fish near the bottom because of spherical 
wave front (top) and unevenness of the ground (bottom). 

D = v/8rAr (4.1) 

where Ar is the thickness of the bottom layer within which the fish keep and r is 
the depth of the place. 

The effective width of the sound beam of an echo sounder is determined from 
the relation 

0 eff = 2arccos—-— (4.2) 

r+Ar 

As follows from formulas (4.1) and (4.2), the effective width of detecting bottom 
fish by an echo sounder is determined only by the depth of the place and the fish 
location relative to the bottom; it does not depend on the width of the characteristic 
directivity of a transducer. It is also typical that, in registering bottom fish, actually 
only a very narrow part of the sound beam is used and the diameter of the zone has 
rather limited dimensions. 

Using formulas (4.1) or (4.2), we obtain the following widths of a detection 
zone with regard to a fish located at a depth of 200 m: if the distance between a 
fish and the bottom is equal to 0.1 m, the width is 12.6 m; if the distance is equal 


© 2006 by Taylor & Francis Group, LLC 




Efficiency of Detection of Commercial Items with Acoustic Instruments 


87 


to 0.5 m, the width is 28.3 m. In the first case, the corresponding area of the detection 
zone is 125 m 2 ; in the second one, 629 m 2 . Typically, an area of the zone of detecting 
an individual fish at the indicated depth of the water thickness by a wide beam echo 
sounder is on the order of a dozen thousand square meters. By comparison of these 
data, it is seen that, in detecting bottom fish, only a small part of the ultrasonic beam 
is actually used. The closer to the ground the fish are pressed, the greater part of 
the energy insonified by an instrument is lost to no purpose. It is obvious that to 
better utilize the insonified energy of a sound beam, it is necessary to apply nar¬ 
row-beam transducers during the search for bottom fish. 

To have an idea of the extent of masking of the recordings of bottom fish because 
of sphericity of the sound wave front, let us consider how strongly the volume of 
the segment of the detection zone within the bottom layer (V) can differ from the 
volume of a cylindrical zone of the same thickness but in a pelagic area (V pel ): 

K= Vpd _ I^pel_ C4 3) 

V 4rAr 

where D pel is the diameter of the zone of detecting fish by echo sounder in a pelagic 
area, which is determined from the characteristic of the range. 

The mentioned coefficient K characterizes the extent of decrease of the zone of 
detecting bottom fish as compared to the zone in the pelagic area because of the 
sphericity of the wave front. The decrease of the detection zone is especially great 
in cases when fish keep very close to the bottom. If there are two identical fish 
concentrations within the water column and near the bottom, an echo sounder will 
register pelagic fish in much greater quantity than those keeping near the bottom 
(the difference will be equal to K times). For instance, with r = 100 m, D pel = 60 m 
and Ar = 0.5 m, the zone of detecting fish near the bottom decreases K = 18 times. 
The minimal difference in the volumes of detection zones is with D = D pel ; then the 
coefficient K = 2.0. 

Another cause for masking of the readings of bottom fish is unevenness of the 
ground. As seen from Figure 4.1, bottom, echo distances from the transducer of an 
echo sounder to the high points of a rough bottom are usually shorter than to the 
bottom fish.* A fish-finding echo sounder insonifies a great enough area of the 
bottom that recordings of bottom fish can be masked by the unevenness located not 
only under a vessel but also rather far from it (the width of a bottom detecting zone 
is much greater than one for fish). 

It follows from the figure that the complete masking of bottom fish occurs if 
the unevenness h rough is larger than the height of the segment of the spherical wave 
front; i.e., when 


lrough /r < 0 b 


(4.4) 


* The mentioned phenomenon takes place with a dispersed distribution of fish only. When fish keep 
near the bottom in a dense layer, there is a partial masking of fish, which can be registered under the 
corresponding scale of indicator. 


© 2006 by Taylor & Francis Group, LLC 




88 


Acoustic Fish Reconnaissance 


Ugh^r < 8h rough (4.5) 

where l rough is the distance between the unevenness, m; and 9 bottom is the effective 
width of the beam of an echo sounder in registering the bottom, rad. 

Conditions (4.4) and (4.5) shows that the masking action of the bottom occurs 
more strongly in cases of larger unevenness of the relief and greater depth. Not only 
the height of unevenness is important, but also the distance between the peaks. Thus, 
bottom fish, located between two peaks, will be masked more strongly if the height 
of unevenness is large and the distance between them small. 

Areas of the bottom insonified by an echo sounder can be rather significant, 
especially with great values of the width of detection zone and large depths. For 
example, the area of the bottom insonified by an echo sounder at depths on the order 
of 100 m make up thousands, and at 500 m, dozens of thousands, of square meters. 
With such significant areas of insonification of the bottom, the probability of meeting 
with unevenness of the ground is great; consequently, there is a high probability of 
masking of bottom fish. 

The impact of unevenness of the ground on the masking of bottom fish is 
particularly significant over stony parts of the bottom. The point is that trawl fishery 
is carried out over parts of the bottom that are difficult to access, as a great amount 
of fish often accumulate exactly over such ground. The search for bottom fish 
becomes especially difficult in this case. 

As previously mentioned, the degree of fish masking depends on the height, the 
extension, and the configuration of unevenness, as well as on the distance between 
fish and the bottom. Naturally, in each specific case, it is impossible to take into 
account the entire complex of factors affecting the masking of bottom fish. In order 
to take into account the extent of masking of recordings of bottom fish by the 
unevenness of the bottom, it is necessary to know the characteristics of the relief in 
the region under investigation; namely, the average values of height and distances 
between peaks of roughness. It is possible to obtain such information on the relief 
with the use of a measuring echo sounder with transducer possessing a very narrow 
characteristic of directivity. 

Especially great masking of recordings is possible at depth overfalls. This is 
because of the difference of zones of detecting the bottom and fish by echo sounder. 
The zone of detecting the bottom is much greater than that for fish. Therefore, with 
an abrupt slope, echo signals from the areas of the bottom, which are insonified by 
the extreme rays of the ultrasonic beam, can arrive first at the transducer of an echo 
sounder, and afterwards from fish located within a narrower zone. Such a phenom¬ 
enon, when the recording of a bottom fish is marked beneath the bottom elevation, 
takes place with certain angles of inclination of the bottom. The value of the limiting 
angle of the bottom inclination (3 lim , with which such a masking of bottom fish is 
possible, is determined by the geometry (Figure 4.2) and is calculated as: 

tgpiim = (cosOj - cos0 2 )/(sin0 2 - sinO^ (4.6) 

where 0! is the effective width for fish located at a determined depth and 0 2 is the 
effective width for the bottom at the same depth. 
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FIGURE 4.2 Scheme of masking the fish recordings by abrupt depth overfalls (the layer Ar 
between the two parallel planes is masked). 

Substituting into formula (4.6) the values of the width of the sounder beam, one 
can determine the limiting values of the angles of inclination of the beam with which 
the masking of recordings of bottom fish is possible. Naturally, the values of beam 
width, calculated regarding rather dense fish concentrations, will be greater than 
those for dispersed aggregations. This means that, in the case of the presence of 
dispersed fish aggregations, their masking by depth overfalls is displayed more 
strongly than for dense concentrations. 

To more clearly imagine dependence of the degree of masking of bottom fish 
on the inclination of the bottom, let us determine the thickness of the bottom layer 
Ar, in which complete fish masking takes place. It follows from Figure 4.2 that 

Ar = r(cos0! - cos0 2 )(sin(3 bottom - sin(3 lim )/sin(3 lira (4.7) 

where (3 bottom is the real angle of inclination of the bottom. 

It is seen from relation (4.7) that the thickness of the masking layer (i.e., the 
extent of masking effect) grows with increasing depth r and with the steepness of 
an overfall |3 boll , )m . Therefore, the partial or complete masking of bottom fish record¬ 
ings is possible, first of all, at overfall of great depths. In the presence of significant 
unevenness at overfalls, the degree of masking is still higher. 
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Using formulas (4.6) and (4.7), let us estimate the values of the beam width and 
the bottom layer thickness Ar, with which masking of bottom fish is possible. 
Experimental results show that regarding a wide-beam echo sounder, the effective 
angle in detecting a stony bottom (0 2 ) can be nearly twice as large as that for a fish 
concentration (0j). Thus, if for example, the depth r = 500 m and 0j = 22°, then 0 2 
= 36°. It follows from relation (4.6) that (3 lim = 29°. With the steepness of the overfall 
Pbottom = 40°, the thickness of the masking bottom layer, as determined from formula 
(4.7), Ar = 23 m. With (3 bottom = 60°, Ar = 63 m. 

Of course, such a strong fish masking at overfalls can only occur with a great 
steepness of overfall and with the wide acoustic beam of an echo sounder. The 
difference in the zones of detecting fish and the bottom with a narrower transducer 
beam is not great; therefore, the masking effect is much less pronounced. 

A radical means, with the help of which it is possible to avoid the masking of 
recordings of bottom fish by an uneven bottom, is the application of echo sounders 
with narrow-beam transducers. Using a narrow beam in an echo sounder allows for 
insonifying the water space only directly under a vessel. Then echo distances to 
obstacles will correspond to the true depths of their location; therefore, the echogram 
will represent the real distribution of bottom fish and of unevenness of the ground. 
For detecting bottom commercial items not only directly under the vessel but also 
slightly aside, it is expedient to apply the equipment with narrow-beam scanning in 
the transversal plane. 

4.2 PECULIARITIES OF DETECTION OF COMMERCIAL 
ITEMS 

The character of images of individual items and their concentrations on the 
echograms of acoustic instruments is determined, to a great extent, by the parameters 
of the devices themselves. In particular, the sensitivity of instruments, the duration 
of transmissions, the directivity of a transducer, and the scale of registration have a 
great impact on the intensity of echo signals and the shape and dimensions of 
recordings of commercial concentrations and the bottom relief. As the dimensions 
and structure of concentrations are usually determined by the readings of acoustic 
instruments operating vertically, let us consider the peculiarities of a registration of 
various concentrations and of the bottom on the echograms with regard to fish-finding 
echo sounders. 

The results of our investigations show that the main reasons for distortions in 
recordings of acoustic instruments, which should be obligatorily taken into account 
in interpreting echograms, are the nonuniform scale of registration in recorders, the 
breadth of the characteristics of directivity of a transducer, and additional reflections 
inside the concentration, from the water surface and from the bottom. 

Distortions from a Nonuniform Scale of Registration 

The vertical scale of the indicator of an echo sounder depends upon the speed of 
the vertical scanning of a display or upon the motion of the registering pen of a 
recorder, which is set precisely enough with regard to a specific range of depths. 
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Therefore, it is possible to consider the vertical scale of each range of an echo 
sounder as practically constant. 

The horizontal scale of recordings is determined by the speed of the vessel and 
the speed of horizontal scanning of a display or the paper speed. Therefore, unlike 
the vertical scale, it can vary within great limits at each range. 

In most cases, the horizontal scale of recordings on indicators is much smaller 
than the vertical one. As a result, the images on the echogram of fish concentrations 
and the bottom are always strongly narrowed. Variations of the speeds of horizontal 
scanning of a display or of the paper speed and of vessel motion disturb the 
proportions of images of schools and the bottom relief. At full speed, small schools 
are registered as narrow touches, and a declivity as an abrupt slope. At slow speed, 
recordings of schools are registered wider, and a slope, slightly more gently. 

In recording concentrations and the bottom relief with an echo sounder, distor¬ 
tions from the nonuniform scale of registration should be always taken into consid¬ 
eration in acoustic reconnaissance. 

Distortions Caused by the Transducer Directivity 
Characteristic 

A fish-finding echo sounder registers commercial concentrations distortedly; records 
of schools and concentrations differ in shape from real ones. Let us consider the 
variation in the envelope of echo signals at different steps of spreading of acoustic 
waves on an example of registration of a concentration with an EK60 Scientific 
Sounder System (Figure 4.3). It is seen on the graph how strongly the U(r) value 
can change depending on the distance from a transducer to the impulse volume. The 
echo signal envelope also depends on concentration density, individual fish acoustic 
section, and a number of parameters of the fish-finding instrument. 

The retarded rise and fall of the echo signal envelope leads to the registration 
of echo signals on the echogram with a certain shift in time and the length of traces 
is apparently different from the real concentration size in the detecting direction. 2 ’ 3 
To account for distortions in recording, it is necessary to know the detection zone 
of the acoustic instrument for the fish concentration under survey, as well as the 
value of the dead zone at detecting its upper border (see Section 2.2). 

It is possible to determine the value of distortions in recordings with the help 
of simple trigonometric relations. Thus, the increase in the horizontal extension of 
schools (A l ) can be found from the following relation: 

A l = 2rtg ^ (4.8) 

It follows from Figure 4.3 that the values of distortions of the depths of the 
upper and lower borders of concentrations are correspondingly equal to: 
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FIGURE 4.3 Scheme for calculating a zone of detecting a fish concentration, as well as charts 
of changing the integral directivity factor and the echo signal envelope regarding the regis¬ 
tration of multiple targets by an EK60 Scientific Sounder System. 


Ar = r,„ 


sec 


-1 


(4.9) 


Ar = r - (r con + h) = (Lon + h) 


( A A 

sec^-l 

v 2 , 


(4.10) 


It follows from relations (4.8), (4.9), and (4.10) that, in order to determine the 
errors in recordings of schools and concentrations, it is necessary to know the depth 
of their location r, the effective width of the acoustic beam 0 eff , and the minimal 
directivity angle 0^. The depth of location is found directly from the echogram, 
and the effective angles from the polar range characteristics of detecting a concen¬ 
tration and the angular diagram of the dead zone at detecting its upper border. 

Let us show the course and results of calculation of distortions on an example 
of registration of a fish concentration by an EK60 Scientific Sounder System. Having 
determined the effective width of the sound beam from the diagram of the detection 
zone (Figure 2.5), and the minimal directivity angle from the angular characteristic 
of the dead zone (Figure 2.7), we calculated from formula (4.9) and (4.10) the 
distortions in recordings of fish concentrations at different distances. 3 The results of 
calculating the distortions of recording the thickness of the concentration are given 
as graphs in Figure 4.4. 
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FIGURE 4.4 Distortions in registering the border of fish concentrations (o = 10 cm 2 , p v = 
0.1 sp/m 3 , h = 50 m) by an EK60 Scientific Sounder System operating at 38 kHz depending 
on the distance: 1. the upper border; 2, the lower border. The dashed line shows the distortions 
without the TVG. 

As seen in the figure, without the TVG, the distortions in recording the lower 
border of the concentration are great at short distances and are accounted for by 
detecting the concentration with the side lobes of the transducer directivity diagram. 
The application of the TVG considerably diminishes these distortions. The distor¬ 
tions of recording the upper border of the concentration are considerable only if the 
target is located close to the maximum range of detection. 

The above method of calculating distortions in recorded concentrations makes 
it possible to determine the real vertical dimensions of dense fish aggregations. 

The beam width distorts not only recordings of concentrations but also of the 
bottom relief. As the line of the bottom is received from the marks of minimal echo 
distances — from the maximally elevated points of the bottom — all the other 
insonified parts of the bottom, independent of whether they are under or abeam a 
vessel, are recorded below the line of the bottom and cannot affect the shape of this 
line. As a result, so-called dead zones are formed, within which it is impossible to 
determine the relief of the bottom. 

It is possible to decrease distortions of recording of commercial items and of the 
bottom only through the use of narrow-beam transducers. However, with a narrow 
beam, the tossing of a vessel has a stronger impact on the operation of an echo sounder 
and the conditions for registering dispersed fish are worse. To ensure the ability of an 
echo sounder to solve the tasks of the search and interpretation of recordings, it is 
necessary to use in one instrument wide- and narrow-beam transducers.* This 


* This requirement was first formulated by Yudanov. 1 
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configuration renders an echo sounder more convenient for search work. During a 
search for fish, the wide-beam transducer is switched on, while the narrow-beam 
transducer is used to elucidate the degree of unevenness of the ground, to determine 
the actual dimensions of concentrations, their structure, and the position of schools 
relative to the vessel and their distribution by depth. 

Distortions from Additional Reflections 

Echo signals can arrive at the transducer of an echo sounder in the normal way 
(transmitter-obstacle-receptor) as well as by a more complicated one. Moving away 
from an obstacle, echo signals may additionally reflect from the sea surface, then 
return to the obstacle, and so on. As a result, besides main reflections, an echo 
sounder will register so-called additional reflections from obstacles. Additional 
reflections can be received from fish schools and concentrations, from the bottom, 
and from other obstacles. 

The conducted analysis of echograms shows that the real thickness of dense 
concentrations, located close to the surface, may differ greatly from that registered 
by a recorder. If the depth of location of a school or concentration exceeds its height, 
repeated reflections will be recorded under the main image (Figure 4.5, left). In 
contrast, if the depth of location of a concentration is equal to or less than the height, 
repeated reflections will be registered together with the main reflection (Figure 4.5, 
right). In this case, it is impossible to determine the border between the main and 
repeated images and distortions of the thickness can be great. It is necessary to 
orientate fishing gear on the upper part of the recordings; otherwise, the gear may 
pass beneath the fish and not provide a catch. 



FIGURE 4.5 Recording of complementary reflections from schools (range, 60 m). Left: the 
depth of the school location is larger than its height; Right: the depth of the school location 
is smaller than its height. 
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Additional distortions in recordings of dense schools can occur as a result of 
multiple reflections within concentrations. Such distortions display especially 
strongly with registration of surface and bottom concentrations of a large number 
as reflections from individual fish in a concentration alternate with those from the 
water surface or sea bottom, lengthening the path of echo signals. Distortions of 
recordings of bottom schools and concentrations are sometimes so great that their 
lower borders are registered far below the line of the bottom (Figure 4.6). 

Additional reflections from the bottom can contribute to distortions in recording. 
Reflections from the bottom arrive and register on the tape of a recorder not only 
during the first move of the pen, but also during the second and following ones. 
Being registered by a recorder as results of subsequent transmissions, additional 
reflections from the bottom darken the echogram and disturb the search. It is easy 
to interpret these records as fish concentrations (Figure 4.7). 

The intensity of additional recordings from the bottom depends, first of all, on 
the general intensity of an echo sounder, on its detection range. In order not to allow 
false recordings to darken the working area of an echogram, two close ranges are 
used; when switching on another range, false recordings disappear or are registered 
at a different depth. 

It should be noted that, in some cases, additional reflections from the bottom, 
for the first move of the pen, might be useful. Due to the greater scale of recordings 
and smaller intensity of echo signals, by recording repeated reflections from the 
bottom, it is easier to differentiate bottom schools from unevenness of the bottom. 
In this case, when an instrument registers schools, the recording for the second 
reflection from the bottom has a different shape. Initial reflections for the second 
and the following moves of the pen can be successfully used for receiving the 
large-scale recordings of commercial concentrations when carrying out a search at 
great depths. 


500 m 



FIGURE 4.6 Recording of dense bottom schools (range, 300 m): 1, the schools; 2, the bottom. 
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1000 m 



FIGURE 4.7 Recording of an uneven bottom by the echo sounder (range, 120 m): a, the 
main recording; b, recording of the repeated reflection from the unevenness of the bottom. 

4.3 POSSIBILITIES OF DETECTION OF COMMERCIAL 
ITEMS BY SONAR 

Acoustic instruments of horizontal location (sonar) are applied in investigating large 
expanses of the ocean. Having a great detection range, sonar allows investigating 
significant parts of the sea over a rather short time. Thus, with an average detection 
range of sonar equal to 1500 m and a vessel speed of 10 knots, it is possible to 
study a water area equal to 55.5 km 2 . Under the same conditions, an echo sounder 
with a diameter of detection zone of 30 m allows for studying an area of 0.55 km 2 . 
Thus, it is possible to investigate an area with sonar, in the same time, which is of 
two orders as large as that studied with an echo sounder. 

Sonar enables one to detect concentrations far from the vessel, to receive a 
panoramic image of the distribution of commercial concentrations; to determine 
their extension, distance and bearing; and to carry out aimed fishing. Ensuring a 
permanent contact and the ability to follow detected schools, scanning sonar has 
proved itself to be an especially useful tool in fisheries of such fast-swimming fish 
as tuna, scomber, horse mackerel, and so on. 

Sonar, in which the beam can be scanned with various inclinations of directivity 
within the hemisphere, is of significant interest. Scanning sonar permits carrying 
out an independent search in the vertical and horizontal planes; it ensures a simul¬ 
taneous view on a color display, within the sector of 180° in front of a vessel (on 
the upper part of the screen) and transversal vertical scanning (on the lower part of 
the screen). A simultaneous investigation in the horizontal and vertical planes allows 
for fixing the distribution of commercial items by the area and depth, which is 
especially important for the search and for aimed fishing. Such a mode of operation 
of scanning sonar can be also used for quantitative estimation of commercial con¬ 
centration (see Section 6.4). 
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An indicator of the underwater situation is widely used in modern scanning 
sonar. Computer treatment of acoustic information allows the distance and direction 
to a target, its depth, and the speed and course of a vessel to be displayed in digital 
and graphic form on the color screen of such an indicator; the plane table of the 
distribution of concentrations relative to a vessel and to fishing gear, the direction, 
and speed of movement of commercial items and other information are reflected as 
well. Thus, practically all information required for the estimation of fishing condi¬ 
tions during aimed fishing can be displayed on the screen of an indicator. This makes 
it possible to operatively control the process of fishing the concentrations, leading 
to a substantial increase in the efficiency of fisheries. 

Sonar is most effectively used for aimed fishing of local commercial concentra¬ 
tions, especially for large schools. Precise location of rare commercial schools plays 
the determinant role in fishing them. 

Experience in the use of sonar shows that it is important that a concentration 
selected for fishing would be under constant monitoring by acoustic instruments up 
to the moment of its capture by fishing gear. Permanent acoustic contact with the 
fish is especially required in aimed trawling and fishing by purse seine. A gradual 
change of the angle of inclination of the ultrasonic beam of a sonar allows a vessel 
to follow fish up to the minimal distances, permits the operators not to lose fish 
when approaching them, and provides a more exact depth when locating schools 
and concentrations. 

It is much more difficult to maintain the acoustic contact when a concentration 
is behind a vessel. The detection of fish is often limited by the disturbances of the 
wake current, and the contact with them may be lost. Fish following within the stern 
sector is only possible when the sonar beam is inclined at certain angles, when the 
wake current does not mask the readings of fish. More reliable contact with fish can 
be ensured with the help of special sonar, which is fixed on the trawl itself. Such 
sonar allows for detecting fish with a scanning beam within the wide sector before 
the trawl and fixing its location on a display relative to the trawl. 

In order to precisely aim a fishing gear at detected fish, it is necessary to know 
their depth of location. We usually know the approximate distribution of fish by 
depth in a fisheries area; however, often, within the same region, separate schools 
and concentrations are situated at different depths. Therefore, when operating a trawl 
at various depths, it is necessary to know, prior to arrival of the vessel at a concen¬ 
tration, the depth at which fish are concentrating so that in the process of trawling 
one may change the horizon of the trawl motion. 

For the case of a complete homogeneity of the temperature structure, the depth 
of located fish can be easily determined by the angle of inclination of the ultrasonic 
beam of sonar and the detection range. However, in the presence of gradients of the 
speed of sound because of temperature gradients, refraction of the beam occurs and 
its path will be curvilinear. As a result, in determining the depth of located fish, 
significant mistakes can be made. These mistakes are usually accounted for by the 
method of calculation. 

An error in the depth of located fish can be also because of the directivity 
characteristic of a sonar transducer. The angle of inclination of the lowest ray may 
be significant with a wide enough sector of insonification; the angle of inclination 
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of the lowest ray cannot be determined precisely as it depends, to a great extent, 
upon the sensitivity of the instrument and the reflectivity of registered concentrations. 

Thus, even in the case where there are data on the vertical refraction of the 
sound beam, it is impossible to precisely determine the depth of located fish by 
sonar readings. Therefore, one must usually be satisfied with the approximate deter¬ 
mination of depth of located fish concentrations as the distance at which the sonar 
loses contact with the fish. A minimal detection zone, at which the contact with fish 
is lost, depends on the physical conditions of the sea and the angle of inclination of 
the beam, and is determined by experimentation for each commercial region. It is 
natural that with such an approximate determination of the depth of located fish, it 
is possible to only roughly establish the horizon of movement of a trawl. Precise 
correction of the trawl movement is made after determining the depth of located 
fish by echo sounder, as well as with the help of a trawl sonde. 

With great nonuniformity of temperature structure with depth, the sonar beam 
has an abrupt path and the conditions for detecting fish become so unfavorable that 
it is difficult to detect dense schools within the water column even from distances 
of 400-500 m. In shallow seas, the range of detecting fish with sonar also decreases 
because of the strong bottom reverberation. In these cases, the bend of the ultrasonic 
beam towards the ground only strengthens the bottom reverberation. For this reason, 
search by sonar at small depths does not often produce substantial results. 

The detection of bottom fish by sonar is especially difficult. This is explained 
by the fact that the zone of detecting the bottom is, as a rule, significantly greater 
than that for fish. Therefore, if fish are located directly over the bottom, the sonar 
first registers echo signals from the ground and then from fish (Figure 4.8). It is 
impossible to separate readings of fish from reflections of the ground in these cases. 



FIGURE 4.8 Scheme of registering bottom fish concentration and schools by sonar. 
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To simplify the following reasoning and calculations connected to the analysis 
of the possibility of detecting bottom concentrations by sonar, let us consider the 
path of the sonar beam as rectilinear. The geometry of Figure 4.8 shows that the 
following relation should be accomplished in order to detect fish or other commercial 
items near the bottom: 



Ah > h 1 - 


(4.11) 


where h is the depth of the location; Ah is the thickness of the bottom layer, within 
which fish congregate; (3 is the angle of inclination of the transducer beam relative 
to the horizon; and 0, and 0 2 are the effective width of the ultrasonic beam of sonar 
for fish and the bottom with the given detection range. 

Using this formula, it is possible to establish under what conditions bottom fish 
may be detected by sonar. If, for example, h = 100 m, (3 = 25°, 0! = 20°, 0 2 = 10°, 
then a concentration can be detected with Ah > 22 m. Thus, the delay of echo signals 
from bottom fish, and then the masking of their readings, stops occurring only when 
a significant distance between the fish and the ground exists. In order to avoid 
masking of the readings of bottom fish, the sonar must have a narrow ultrasonic 
beam. 

Sonar currently in use possess a rather wide acoustic beam; therefore, they are 
able to detect fish near the bottom, or against a background of signals from the 
ground, only when useful signals from fish prevail over those from the bottom. Such 
cases can take place in operating over fishing grounds possessing a weak reflectivity; 
for example, in registering fish near a bottom covered with silt. It is also possible 
to separate echo signals from bottom fish in the presence of even and flat ground 
when the sonar beam is reflected from the ground smoothly; i.e., mainly aside, nearly 
not returning backward. 

In practice, the surface of the bottom is very rarely even and flat for a large 
distance. However, with bottom unevenness where the dimensions are small in 
comparison with the length of the acoustic wave, the reflection goes smoothly; i.e., 
as from an absolutely flat surface. To get an idea when the reflection will be smooth, 
let us use the criterion of Rayleigh, which, regarding our task, can be written in the 
following form 4 : 


sin(3 < ^/(6A) 


(4.12) 


where A is the height of the unevenness of the bottom. 

Using this relation, it is possible to determine the conditions of a smoothed 
reflection from the bottom. For example, if the height of unevenness A = 20 cm, it 
follows from relation (4.12) that a smoothed reflection from the bottom appears with 
the angle of inclination of the sonar beam at an operation frequency of 20 kHz (K 
= 7.5 cm) no more than (3 <3.5°, and with A = 3.0 cm, (3 <25°. 
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Thus, the requirements relative to the unevenness of the bottom in order to 
receive a smoothed reflection are very high. With increased operation frequency and 
a transducer inclination angle, these requirements are still higher. 

Let us determine detection ranges, which are required for sonar to ensure the 
smoothed reflection from a comparatively even bottom. From the geometry of Figure 
4.8 and relation (4.12) we obtain: 


r = 6Ah/A, (4.13) 

where r is the inclined distance to the bottom. 

It follows from formula (4.13) that a smoothed reflection from a comparatively 
even bottom at great depths is possible only with distances r significantly exceeding 
the limiting detection ranges of modern sonar (Table 2.1). For example, with a depth 
of h = 300 m and a height of unevenness of A = 20 cm, the inclined distance to the 
bottom is equal to r = 4800 m. Therefore, the impact of smoothed reflections from 
a comparatively even bottom can be observed, practically, only with the search for 
fish by sonar at shallow depths. 

It has been experimentally established that, when operating sonar over even 
ground, the bottom reverberation is insignificant when the beam is incident upon 
the bottom at an angle smaller than 20°. This critical angle depends on the operation 
frequency and the ground composition. A bottom of gravel causes more troubles 
than sand or clay. It is difficult, or even impossible, to differentiate echo signals 
from fish near the bottom from those reflections from groups of stones on the bottom. 

Besides with a smoothed reflection, diffuse scattering appears with an uneven 
surface of the ground, and the reflection from the bottom has a complicated char¬ 
acteristic of directivity, so-called spectral beams. The direction and amplitude of 
spectral beams depend on the extent of unevenness and the direction and length of 
the incident sound wave. If the unevenness is not very large, the directivity of signals 
reflected from the bottom reaches a maximum, corresponding to a geometric reflec¬ 
tion. That is, a gentle incidence of the beam also leads to a smaller back reflection 
from uneven ground. Taking this into consideration, it is necessary to create condi¬ 
tions so that the sonar beam will meet the ground at a minimal angle. In particular, 
it is necessary to carry out the search for fish on gentle grounds in the direction of 
increasing depth. 

4.4 PRACTICAL ESTIMATION OF SCOUTING 
POSSIBILITIES OF ACOUSTIC INSTRUMENTS 

For the effective use of acoustic technique in fisheries, it is important to know the 
possibilities for search and for estimating the stocks of commercial items of various 
types of sonar and echo sounders. Investigating the possibilities of fish finding 
instruments is also required in order to elucidate the shortcomings of the equipment 
as well as in influencing its development. 

As mentioned in the second chapter, the main search characteristics of acoustic 
instruments can be calculated. It was shown in Section 2.1 that in order to check 
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the efficiency of work of an acoustic instrument, it is enough to only determine the 
energetic potential. 

Field experience shows that, because of poor quality control during assembly 
and an insufficient level of technical service, energetic potentials of acoustic instru¬ 
ments of commercial fleet vessels are often considerably lower than nominal values. 
The lower the energetic potential, the smaller the range of detecting items with given 
acoustic sections. The variation of the detection range with the decrease of the 
energetic potential of the instrument is shown in Figure 4.9. As follows from the 
graph, a decrease in the energetic potential of 10 dB leads to a reduction in detection 
range of the instrument of about 55%. 

Calculated values of the energetic potential may differ slightly from real ones, 
as rough estimates of the sound attenuation in water are used. In determining the 
energetic potential, it is necessary to account for excessive sound attenuation in the 
aerated sea surface layer, introducing a corresponding correction into formula (2.3). 5 
Tentative values of excessive attenuation are found by comparison of the average 
value of the energy of bottom echo signals, obtained under different weather con¬ 
ditions and various speeds of a vessel, with echo signals from the same area of a 
smooth, desirably sandy, bottom in calm weather with the vessel stopped. The most 
reliable values of the coefficient of excessive attenuation can be found by using the 
special equipment. 6-8 



FIGURE 4.9 The change in the detection range with decreasing energetic potential of the 
acoustic instrument. 
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Measurement of the energetic potential should be carried out with different 
speeds of vessel motion and under a range of wave heights. The energetic potential 
of instruments of the same type can vary depending on the type of a vessel, transducer 
location, and other reasons. Therefore, it is important to record the real values of 
energetic potential in a technical logbook for each fish-finding instrument. 

it is possible to approximately calculate the detection range of an acoustic 
instrument, to estimate theoretical possibilities of detecting surface and bottom 
concentrations, which are determined not only by the resolving capacity of the 
equipment but also by the efficiency of the expander of the scale of registering 
concentrations, the device for breaking bottom signals, and the stabilizer of sonar 
transducers. It is possible to theoretically determine the still more approximate 
possibilities of following commercial concentrations. All this is indicative of the 
necessity for obligatory experimental testing of calculated values for search charac¬ 
teristics of acoustic instruments. 

The experimental estimation of the detection range of acoustic instruments is 
carried out with the help of standard targets with a known acoustic section.* Metallic 
spheres are used as standard targets in testing echo sounders. Angular reflectors 
serve the same purpose for sonar. As a result of experimental estimations, the 
detection range of the instrument is calculated regarding an equivalent target (for 
echo sounders, R eq = 10 cm or o eq = 314 cm 2 ; for sonar, R eq = 2.0 m or o eq = 12.56 
m 2 ). The calculation is carried out based on the following formula: 

r max 10 005 “«w-o) = r D (o eq /o 0 ) 1/4 ((i max /(i) 1/2 (4.14) 

where r max and r Q are the ranges of detecting the equivalent and standard targets, G eq 
and G 0 are the acoustic section of the equivalent and standard targets, p is the minimal 
gain required for detecting the standard target with o 0 , and p max is the maximal 
(admissible) gain for detecting individual targets. 

The absolute values of p and p max are not necessarily required for calculating 
the range r max . It is enough to know the ratio of these values relative to each other 
at various positions of the gain regulator. Detection ranges, determined in such a 
way, are compared with those calculated by formula (2.3). If there is a discrepancy, 
its reasons are revealed and corresponding corrections are introduced. 

It is expedient to carry out experimental testing of search characteristics of 
acoustic instruments over specially equipped marine proving grounds through cor¬ 
responding measurements on artificial targets.** For equipping a proving ground, a 
marine area of approximately one square mile with a comparatively smooth bottom 
and depths no less than 40-50 m is required. It is convenient to have such a proving 
ground near the fleet base. It is also desirable that a depth overfall would be located 


* When beginning an experimental test of the search characteristics of an acoustic instrument, it is 
necessary to be sure of its reliable operation and to know its energetic potential. 

** Marine proving grounds are not only necessary for investigating the search possibilities of fleet 
utilized acoustic instruments, but also for testing new models of equipment, as well as for training the 
natatorial and technical staff in equipment operating. 
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near a proving ground; this makes it possible to carry out measurements at small 
depths as well as at large ones. 

On a proving ground, individual artificial targets are placed in a certain order 
throughout the water column and near the bottom. Angular reflectors and hollow 
spheres are used as such targets. The latter are used for determining the efficiency 
of detecting bottom concentrations with instruments and for estimating the quality 
of transducer stabilization, as well as for verifying the correctness of calibration of 
acoustic survey equipment (see Section 6.2). 

The possibility of following the target and the precision of a sonar bearing are 
estimated with angular reflectors. The possibilities of following movable objects can 
be verified by taking bearing on towed targets. The detection ranges and the reso¬ 
lution of echo sounders are estimated by registering individual targets. 

All individual and standard targets must be calibrated; their acoustic sections 
must be determined. To ensure the precise meeting of a vessel with various targets, 
landmarks and ranges are set up on a proving ground. 

Besides the above-mentioned, it is necessary to measure noises of commercial 
and scientific vessels on a proving ground. The receiving sensitivity of an acoustic 
instrument is greatly dependent on the noise level (formula 2.35). It should be taken 
into account that most pelagic fish are frightened by vessel noises; so, noises can 
have a substantial impact on the efficiency of the work of an acoustic instrument. 
As the technical condition of mechanisms deteriorates during field operations and 
their noise levels increase, periodic control is required, especially before and after 
repairing a vessel. At a proving ground, such a control should include measuring 
the noise level over a wide spectrum of frequencies at various vessel speeds. 

To estimate the search possibilities of the equipment regarding real concentra¬ 
tions, it is necessary to experimentally measure their detection ranges in commercial 
regions. Working in a fisheries area, it is expedient to first make acoustic observations 
of detected concentrations, studying the structure of the item distribution within the 
water column and near the bottom, the peculiarities of forming and disintegrating 
concentrations, daily vertical migrations, the reactions to a vessel and to fishing gear, 
and so on. Controlled fishing is necessary to determine the species and length 
composition of concentrations. 

In order to determine the maximal depths of habitation of commercial items, it 
is necessary to carry out deepwater trawling and acoustic observations under the 
most favorable working conditions (calm weather and a stopped vessel). Using a 
calibrated instrument, the volume backscattering is determined for concentrations 
located at various depths. As a result, the maximal detection ranges of equipment 
are found; their correspondence to the depths of habitation of items is clarified. It 
is important to reveal the optimal modes of operation of fish-finding instruments 
and a vessel taking into account the character of distribution of different items and 
weather conditions. 

The stated suggestions only touch the surface of the entire range of questions 
that should be answered when carrying out tests of new models as well as currently 
used instruments on proving grounds. During this work, the methods of estimating 
the search possibilities of the acoustic equipment should be developed; the measuring 
technique should be improved. 
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Determining the species and length composition of concentrations by acoustic instru¬ 
ment readings is of great importance in fisheries, as well as in search and investi¬ 
gation work when studying the distribution and behavior of fish and other aquatic 
items, estimating the commercial significance of detected concentrations, controlling 
the state of the stocks, and so on. It is possible to determine the species and length 
composition of commercial concentrations on the basis of the character of their 
registration by fish-finding instruments. The other possibility consists of the use of 
an instrumental method, through the measurements of target strength of items or of 
the resonance of their swim bladder. For this purpose, especially elaborated equip¬ 
ment is applied. 

5.1 SPECIES AND SIZE INTERPRETATION OF 
ECHOGRAMS 

It is possible to observe sonar readings on a display screen. Based on the readings 
on the sonar display, one can make judgments as to the dimensions and distribution 
of schools; the direction and speed of movement of commercial items are determined 
from an indicator of underwater conditions. However, such information can give 
only an insufficient, indirect idea on the species composition of detected commercial 
concentrations. 

An echo sounder possesses incomparably greater potential possibilities regarding 
interpretation of concentrations than does sonar. Recordings on the tape of a printer 
or on the screen of an electronic display of an echo sounder furnish a great amount 
of information on lengths, shape, and quantity of detected fish schools and concen¬ 
trations and on the depth of their location. Work experience with fish-finding echo 
sounders shows that their ability to register fish and other marine organisms varies 
widely. It is obvious that the character of readings of echo sounders is determined, 
first of all, by the distribution of registered items. A record on the echogram depends 
upon the shape taken in the water column by a fish concentration. 

As was mentioned in Section 3.1, each fish species has its own peculiarities of 
distribution and behavior and, in various moments of time, can be represented on 
the echogram differently. Sometimes, fish keep dispersedly over a large area, while 
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at others, they gather in schools or concentrations. Fish distribution by depth also 
changes during a year: fish keep either to great depths or to the upper layers of the 
water. Regular, daily fish migrations occur side by side with seasonal changes. 
During daily vertical migrations, dispersed fish may concentrate into schools in 
parallel with moving upward; in contrast, it sometimes happens that concentrations 
disintegrate into small schools, which then disperse. 

Taking into account the fact that each fish species has its own peculiarities of 
behavior, its yearly and daily distribution cycles, it becomes clear why the character 
of recordings of fish in internal waters, in seas, and in oceans is so diverse and 
variable. To this diversity should be added echo recordings from various marine 
organisms (plankton, jellyfish, and so on), which are also subject to seasonal and 
daily changes. It is natural that with such a great diversity and so complicated a 
picture of the distribution of aquatic organisms, the interpretation of recordings of 
fish-finding echo sounders offers some difficulties. 

The problem of species interpretation of readings of acoustic instruments can 
be solved under the condition that the distribution of different fish species within a 
specific water body is sufficiently studied; the structure, dimensions, and shape of 
schools and concentrations at different times of the day and year should be known; 
the impact of the conditions of the environment on fish behavior should be clarified. 
The knowledge of the difference in character and density of the fish distribution, in 
their behavior, is one of the main factors facilitating the species interpretation of 
readings of acoustic instruments. 

At the present time, numerous results of acoustic observations have been accu¬ 
mulated on fish distribution and movement in various water bodies, on fish vertical 
migrations, and on their reaction to light and to fishing gear. All this data allows, in 
many cases, a revelation of the peculiarities of fish registration by acoustic instru¬ 
ments and provides one with the possibility of interpreting their readings. 

It is a simple matter to interpret echo recordings in the case when a fish species 
of interest keeps separated from others and the region and the depth of its distribution 
is known. For example, in the Baltic Sea, the regions where, during certain times, 
only herring and cod exist, have been studied completely enough. Fishermen are 
knowledgeable of such commercial regions in practically any body of water where 
fisheries have been conducted for a long time. The question of interpreting the 
readings in these regions simply no longer arises. 

If different fish inhabit the same region, knowledge of peculiarities of the 
distribution of different fish species is required for interpreting the readings. Usually, 
each species keeps within a certain range of depths. The vertical distribution of 
organisms depends on temperature and illumination; it is rather variable for different 
species. Therefore, where several fish species inhabit a region simultaneously, their 
separate distribution by depth is often observed. For instance, in the Baltic Sea, the 
layered distribution of cod, herring, and sprat is often observed. The distribution can 
depend not only on species but also on sex, as well as on the differences in the 
physiological conditions of the fish. In Figure 5.1 we see an echogram of a multi¬ 
layered fish distribution in one of the commercial regions of the Baltic Sea. The 
control fishing showed that herring were in the upper layer and, just near the bottom, 
mainly cod. 
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500 m 



FIGURE 5.1 Recording of multiple layers of the fish distribution in the southern part of the 
Baltic Sea (range, 120 m). 

Various forms of distribution and registration of different fish species facilitate 
the interpretation of their readings. For example, capelin and herring can keep to 
schools, while cod keep dispersedly; recordings of individual hsh are often seen 
between echo recordings of cod concentrations. Recordings of individual specimens 
of cod can be distinguished with a schooled distribution (Figure 5.2). Even compar¬ 
atively dense cod concentrations have a “friable” shape. The mentioned peculiarity 
of registering cod facilitates correctly differentiating them from recordings of small 
hsh on the echogram. Concentrations of sea perch, hake, and other species of large 
hsh are registered in a similar way. Unlike adult hsh, concentrations of young hsh 
are marked on the echogram by a continuous mass with clear enough borders. 
Concentrations of herring, horse mackerel, scomber, and other smaller hsh are 
registered as dense monoliths. 

In cases when various species of hsh have approximately the same distribution, 
it is necessary to study their structure especially attentively in interpreting their 
recordings. It is required to take into account the impact of the main parameters of 
acoustic instruments on the character of recording. Thus, the shape and dimensions 
of recordings of individual hsh and schools depend, to a great degree, on the 
directivity characteristic of the transducer, the working frequency, the sensitivity of 
the instrument, and the paper speed (see Section 2.4 and Section 3.1). On the other 
hand, parameters of individual hsh, schools, and concentrations (their reflectivity, 
dimensions, distribution density) also have an influence on the character of echo 
recordings (see Section 1.4). This circumstance helps in interpreting recordings. 

It is possible to determine the species of registered items by the dimensions, 
character, and clearness of recordings of individual hsh with the invariable param¬ 
eters of acoustic instruments. This is explained by the fact that reflections from large 
hsh are stronger and their detection zones are wider than those from small ones. As 
a result, large hsh are marked on the echogram more clearly and larger than small 
ones. Such a difference in readings permits distinguishing recordings of herring from 
those of cod, sprat, and other small hsh. Thus, for example, in Figure 5.3, large. 
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300 m 



FIGURE 5.2 Recording of the cod concentration in the Barents Sea (range, 150 m). 



200 m 
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FIGURE 5.3 Recording of cod during their evening elevation (range, 60 m): a, individual 
specimen; b, young fish. 

clear, upside-down check marks (a) are recordings of individual specimens of cod. 
It is possible to say, regarding the very small marks of similar shape in the same 
figure (b), that they are smaller than recordings of herring or sprat, and so, must be 
young cod fish. 

Recordings of schools of various fish species have specific distinctions. Usually, 
acoustic instruments register schools as compact groups. As a rule, smaller fish form 
denser schools of a larger diameter than bigger ones. This circumstance confirms 
the fact that the dimension and density of a school depend on the length of items 
making up the school. 1 This regularity is clearly displayed in the character of 
registering schools of different species and may be applied to the species interpre¬ 
tation of recordings of acoustic instruments. 

Let us consider, for example, a recording of cod in the Barents Sea (Figure 5.4). 
On the face of it, this recording appears to be of herring. However, with careful 
examination of the echograms, a substantial difference is revealed: recordings of 
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FIGURE 5.4 Recording of cod schools and concentrations in the Barents Sea (range, 120 m). 


500 m 



FIGURE 5.5 Recording of herring and sprat schools in the North Sea (range, 150 m): a, 
herring; b, sprat. 

cod schools, unlike those of herring, have indistinct, diffuse outlines. Recordings of 
herring also differ noticeably from those of sprat. On the echogram of sprat, little 
distinct schools are represented, much smaller than schools of herring (Figure 5.5). 
Some differences have been observed between recordings of schools of horse mack¬ 
erel and sardines on the shelf of Africa. Recordings of schools of horse mackerel, 
unlike those of sardine, had a more regular shape, with more distinct borders. 
Commercial concentrations of various fish can be registered differently. It is easy 
to differentiate concentrations of large fish from those of small ones. Recordings of 
concentrations of cod, sea perch, and other large fish have a “friable” form and low 
intensity (Figure 5.6). Concentrations of small fish (herring, sprat, and others) are 
usually registered as layers of high intensity. Concentrations of young fish give 
especially dense recordings (Figure 5.7). 

Species interpretation of mixed concentrations including several fish species 
presents considerable difficulties. The knowledge of the character of daily vertical 
migrations of various fish species can be helpful in elucidating the species compo¬ 
sition of concentrations in some cases. During such migrations, one may often 
observe the division of commercial fish concentrations into layers. Thus, in the area 
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1000 m 



















FIGURE 5.6 Recording of the bottom concentration of sea perch before spawn in the area 
of the island of Newfoundland (range, 400-900 m). 


1000 m 



FIGURE 5.7 Recording of the bottom concentration of sea perch on the bank of the Flemish 
Cap (range, 500 m): 1, young fish; 2, adult specimens. 

of the island of Newfoundland, anchovy can separate from perch concentrations 
during the movement of the fish to the upper water layers; the anchovy are registered 
as a continuous, inclined band (Figure 5.8). The division of fish concentrations into 
layers is observed in Caspian sprat during the evening and at night when, depending 
on fish biological conditions, a concentration is divided into three or four layers. 

It is especially important to take into account such factors as water temperature, 
depth, and bottom relief in the search and interpretation of fish that keep near the 
bottom and are poorly registered by acoustic instruments. In the area of the island 
of Newfoundland, it is possible to make a judgment about the species composition 
of registered concentrations (perch or cod) depending on the depth (isobaths) where 
the recording is obtained. Knowledge of the character of the bottom is also helpful 
in the interpretation of readings. The presence of fish readings over rocky ground 
provides complete certainty in determining the fish species in the areas of perch 
fishing of the Far East. When fish hug the ground and are not registered by instru- 
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30 min 



FIGURE 5.8 Recording of the evening elevation of anchovy (upper layer) and sea perch 
(bottom layer) in the area of the island of Newfoundland (range, 600 m). 

ments, their search is often carried out by the isobaths only. For instance, in the area 
of halibut fisheries in the Far East, one searches by the depth and the character of 
the relief of the bottom; the presence of a complex bottom relief abounding in rocks 
and canyons indicates the possibility of halibut concentrations. 

For elucidating the nature of unrecognized readings of fish-finding instruments, 
different means of observations (underwater TV, photography) can be used. It is 
possible to interpret acoustic readings according to the character of sounds produced 
by fish. However, the main method continues to be control fishing; comparison of 
species echo recordings with the composition of catches, stomach contents of fish 
caught, and plankton concentrations give reliable results. In this connection, the 
influence of fish distribution and physiological conditions on their behavior relative 
to different fishing gear should be obligatorily taken into consideration. 

The practice of trawling shows that in registering schooled fish, the value of 
catches does not often correspond to the intensity of acoustic readings; and in 
contrast, catches correspond well with readings from a dispersed fish distribution. 
This is explained by the fact that schools actively react to the approach of a trawl; 
therefore, they leave the area faster than dispersed fish. Non-mobile wintering and 
spawning concentrations, as well as fish just after the spawn, are especially easily 
subjected to fishing by a trawl. As they sexually mature, fish become more movable 
and sensitive regarding active fishing gear. 

The reverse picture is observed with the use of drift nets. Correspondence of 
readings with catches usually takes place with a schooled fish distribution; with 
non-mobile concentrations of great number, fish readings may not coincide with 
catches. 

As follows from all of the above-mentioned, the solution of the problem of species 
interpretation of readings of acoustic instruments is connected to the revelation of 
the entire complex of biological dependences between fish and medium. In particular. 
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it is necessary to know to what extent physical and biological factors of the environ¬ 
ment (temperature, salinity, food sources) affect the general distribution, the structure 
of formation of concentrations, the character of daily vertical migrations, and so on, 
and all this regarding each species of fish inhabiting a body of water during its whole 
life cycle. 

It is clear that the possibilities of species interpretation of readings depend greatly 
on the degree to which a body of water has been studied. In this sense, all sorts of 
manuals and textbooks of searches and interpretations of readings of acoustic instru¬ 
ments, as well as sketchbooks of typical echograms, have been very helpful during 
the mastering of commercial regions. 

Further improvement of methods of species interpretation of readings consists 
of the accumulation of observations of the distribution and structure of various 
concentrations, the revelation of new biological regularities connected to the impact 
of the water medium on the character of fish distribution, as well as the elaboration 
of instrumental methods of direct determination of the species composition of fish 
concentrations registered by acoustic instruments. 

5.2 SPECIES AND SIZE INTERPRETATION OF 

RECORDINGS BY INSTRUMENTAL METHODS 

With the intense modern fisheries over shelves, when stricter limitations of catches 
are introduced, it is important to avoid trawls that do not produce a predetermined 
variety of catches. This means that remote methods of species and length interpre¬ 
tation of commercial concentrations must be correct. Therefore, great attention has 
lately been paid to the development of instrumental methods of species and length 
interpretation of concentrations without their being fished. 

To more clearly imagine the possibilities for the further improvement of methods 
of interpretation of recordings of commercial concentrations, let us address an 
analogous subject in the animal world, location by sound, which is investigated by 
biophysicists. Studies of animals having a sound location apparatus show that echo 
signals received by them can contain information on the species and on the sizes of 
reflecting items. Thus, for instance, dolphins and bats both possess significant pos¬ 
sibilities for the revelation of qualitative differences in echo signals from various 
items. They are able to differentiate required echoes from background ones even 
though the amplitude of useful signals is dozens of times weaker than that of the 
disturbing noises. At present, it has not yet been clarified just how these animals 
differentiate between echoes from various targets. However, some substantial advan¬ 
tages of sound locators of dolphins and bats compared to the modern sonar have 
been established during the investigations of their apparatus. 

One of the main qualities of sound locators of animals is that they are able to 
produce and interpret a wide spectrum of acoustic waves. It is obvious that, with a 
multifrequency signal, an echo carries a broader spectrum of information on a 
reflecting object. Biophysicists noticed the same quality of multifrequency signal in 
carrying out experiments with blind people. Investigators established that blind 
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people use artificial noise, with its wide spectrum of frequencies, for detecting 
obstacles more efficiently than can be done with simple tones. 

There is no doubt that the application of equipment operating at a wide range 
of frequencies promises great possibilities in interpreting commercial concentrations, 
especially by the resonance of a fish swim bladder. In accordance with the modern 
theory of sound scattering, 2 ’ 3 the frequency dependence of the fish acoustic section 
can serve as a precondition to it. The dependence of the target strength on frequency 
is depicted schematically in Figure 5.9 (let us remember that the target strength is 
a logarithmic measure of the acoustic section). 

It has already been mentioned in Section 1.2 that, at low sound frequencies, 
when sizes of a fish are significantly smaller than the wavelength, the acoustic section 
grows in proportion to the frequency raised to the fourth power. Then the acoustic 
section reaches a maximum at the resonance frequency of its swim bladder. The 
value of this frequency is determined theoretically in the same way as that regarding 
a free air bladder 4 : 


= (io~ 3 Vp stat + M"shift j / r bl 


(5.1) 



f, kHz 


FIGURE 5.9 Relationship between the target strength and frequency regarding fish 22.5, 
45.0, and 90.0 cm long at a depth of 90 m (the dashed lines show the corresponding 
dependences for the free swim bladders). 
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where f res is the resonance acoustic frequency, kHz; r bl is the radius of a sphere equal 
to the cavity of a swim bladder by volume, cm; p stat is the static pressure at the 
inhabiting depth of a fish, N/m 2 ; and (J. shift is the module of the shear of fish body 
tissues encircled by a swim bladder, N/m 2 . 

It has been established that the value |i shift is proportional to the square of the 
operation frequency; with f = 10 kHz, ( 0 , shift = 10 4 N/m 2 . 

With increasing the frequency higher than the resonant one and with an invariable 
size of fish, a decrease in the acoustic section is first observed and then its gradual 
increase. 

At higher frequencies, when fish dimensions are comparable with the wave¬ 
length, the acoustic section must have maxima and minima. This is explained by 
interference phenomena, which occur as a result of superposition of reflections inside 
a fish. The maxima of reflection in registering large fish at comparatively low 
frequencies, and small fish at higher ones, indicate the existence of optimal operation 
frequencies regarding various fish sizes and species. 

As already mentioned in the first chapter, experimental investigations at ultrasonic 
frequencies would not confirm these theoretical preconditions, as abrupt frequency 
dependences of fish reflectivity have so far not been clarified. However, it has been 
established that various fish sizes and species have their own envelope of echo signals 
at different frequencies. These differences in the fish frequency characteristics indicate 
that there is a possibility of solving a problem of the species and length interpretations 
of recordings with the help of the multifrequency ultrasonic equipment. 

Work on using the multifrequency ultrasonic equipment for species and length 
interpretations of recordings provided good results. Experiments in net cages show 
that cod, saithe, herring, and scomber of similar length differ among themselves by 
the spectrum of echo signals. 5 

The use of the resonance of a swim bladder is another way of solving the problem 
of the species interpretation of readings of commercial concentrations. Unlike the 
interferential zone, strongly pronounced maxima of the reflection at the resonance 
of a swim bladder (Figure 5.S) have been proved theoretically and experimentally. 6 ' 7 
If a fish concentration is insonified by wide band signals at the determined range of 
frequencies, then, by an increase of levels in the spectrum of echoes, it is possible 
to find values of resonance frequencies of swim bladders. In turn, in using these 
frequencies, the dimensions of swim bladders can be determined; the latter is con¬ 
nected to the fish length by the empirical relationship.* 

The range of fish lengths determines the width of the frequency spectrum at 
which an increase in levels of echo signals is observed. As follows from formula 
(5.1), the resonance of a swim bladder of commercial fish can be observed within 
a range of frequencies from hundreds of Hz to several kHz. The dependence of the 
resonance frequency on the length of swim bladder fish of different species has been 
verified experimentally. 8 Such an empirical dependence is presented in Figure 5.1C . 
As seen from the graph, the dispersion of data regarding different species is not great. 


* It is probable that, in the future, fish dimensions will be determined with the help of wideband frequency 
equipment at sound frequencies in the range of the resonance of a swim bladder, while the species of 
fish will be determined by ultrasonic frequencies in the area of interferential reflections. 
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FIGURE 5.10 Dependence of the resonance frequency on the length of bladder fish (the 
symbols x, □, A, o show the experimental data for various species). 

To elucidate the practical possibilities of determining dimensions of fish by the 
spectral characteristics of their echo signals, experimental investigations on various 
species of swim bladder fish have been carried out. 7,9 ’ 10 For this purpose, special 
equipment was developed; this equipment included a powerful generator (required 
for covering a high level of the low frequency noise of a vessel), insonifying and 
receiving transducer, amplifier, and registering devices. 

The experimental conditions on the commercial concentrations at sea were 
controlled with the help of fish-finding echo sounders. The measured spectral char¬ 
acteristics of echo signals from the commercial concentrations were compared with 
the rated frequency dependences of acoustic sections of the fish length series received 
as a result of the control fishing of the concentrations under study. The fish acoustic 
sections near their swim bladder resonance were calculated from the following 
formula 6 : 


G = 


r bi Qbi 
-]2 


(5.2) 


(f res /f) -1 Q bl 2 +(f res /f) 


where Q bl is the quality of the swim bladder. 
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The quality of a swim bladder is minimal at the water surface, where the value 
Q bl does not exceed 2.0-3.0, and rises several times with increases of depth. 

The calculated acoustic sections, taking into account the length series of the fish 
caught, allowed receipt of the spectral characteristics of the concentrations under 
investigation. The results of calculations and measurements proved themselves to 
be quite comparable for all of the experiments, which testifies to the possibility of 
determining the length composition of fish concentrations by the considered method. 8 

It should be noted, however, that elaboration of the low-frequency wideband 
equipment is still fraught with technical difficulties, especially concerning reception 
of sound signals.* This problem hampers the inculcation of such instruments into 
the fisheries industry; the solution of the problem of the species interpretation of 
commercial concentrations by their frequency characteristics will be delayed until 
these technical difficulties have been satisfactorily addressed. 

Investigations on the application of the energetic characteristics of echo signals 
for interpreting the readings of commercial items proved to be more efficient. In 
this plan, instrumental methods of determining the species item composition by the 
value of their target strength have already been elaborated and found practical 
application. 

It has been shown in Section 1.2 that the dependences of the acoustic section 
(a) on the length of a fish body L flsh regarding various species and groups of 
commercial items have been obtained during experimental investigations. Knowing 
such dependences, from the results of measuring the acoustic section, it is possible 
to determine dimensions of commercial items with the resolving registration when 
an acoustic instrument marks individual items separately. In measuring the acoustic 
section, it is necessary to calibrate the equipment (see Section 6.2) as well as taking 
into account or excluding the influence of transducer directivity characteristics on 
the results of measurements. 

Taking into account or exclusion of the impact of transducer directivity charac¬ 
teristics on the results of estimating the acoustic section can be accomplished by 
the method of calculations or by the method of direct measurements. The method 
of calculations is used when the measurements of the acoustic section are carried 
out with the help of ordinary fish-finding echo sounders with a standard wide-beam 
transducer; they ensure by mathematical means the correction of the distribution of 
echo signals from commercial items with consideration of their random location 
within the detection zone of an echo sounder. If the direct methods are used, the 
correction of transducer directivity characteristics is accomplished by the corre¬ 
sponding technical means. 

Several methods of calculations in determining the acoustic section have been 
elaborated. The method of Craig and Forbes is the most widely used. 11 Its essence 
consists in the following. Echo signals from individual commercial items are divided, 
by amplitude, onto several groups. The transducer directivity diagram is divided 
onto the same number of levels. Then the system of equations for determining the 
item target strength in each gradation is worked out and solved proceeding from the 


* In perspective, the possibility of elaborating multifrequency instruments on the basis of frequency-mod¬ 
ulated and complex signals is foreseen. 
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number of echo signals in each group and taking into account the data of calibration 
of the equipment. The distribution of the acoustic sections is represented on the 
display and printer after treating the data with a microprocessor according to the 
method of Craig and Forbes. Comparison of results of measurements with the data 
of trawling catches has shown the admissible correspondence of the distributions of 
acoustic sections with the length distribution obtained as a result of fishing. 

Among the other models, it should be noted that instruments using direct meth¬ 
ods of compensation for the influence of transducer directivity characteristics on 
results of measurements give more precise results in determining the target strength 
and the length composition of commercial concentrations. The dual-beam, 
conic-beam, and split-beam equipment are among such models. 

The dual-beam equipment has narrow- and wide-beam transducers, operating 
along one axis or situated close to one another. 12 Insonification is accomplished by 
the narrow-beam transducer; the reception is accomplished by both transducers. 
Therefore, the appearance of echo signals and measuring the acoustic section are 
only possible near the axis of the acoustic systems when an object is located within 
the detection zone of the narrow-beam transducer. In the conic-beam equipment, the 
recalculation of the acoustic section onto the acoustic axis is not required, as the 
sensitivity of the instrument inside the detection zone is the same. 13 This is achieved 
through correction of the gain by the microprocessor regarding various sections of 
the transducer. 

The elaboration of a split-beam echo sounder was first announced by Foote et 
al. 14 ; since then, the split-beam equipment has found ever-growing application in 
fisheries (see, for instance, References 15-20 and other studies). Therefore, let us 
consider its possibilities in greater detail. The essence of the split-beam principle 
consists in the determination of the angle of inclination of commercial items from 
the acoustic axis with the help of the two coaxial receiving transducer elements, and 
the following calculation of the acoustic section taking into account the correspond¬ 
ing directivity factor. The transducer is divided into four quadrants, operating simul¬ 
taneously and co-phasely when insonifying, and separately when receiving. 

With moving a commercial item off the acoustic axis, echo signals at the input 
of receiving elements of a transducer arrive with different phases. By the difference 
of phases in two perpendicular planes, the microprocessor calculates the location of 
an item within the detection zone of an instrument, introduces the corresponding 
correction into an echo signal, and determines the target strength.* The software 
also provides for selection of commercial items against a background of disturbances 
according to the criterion of the temporal recognition of the duration of echo signals, 
which are within a value of 0.8-1.8 from the duration of a transmitted impulse. 

The treatment of data and the determination of the species and weight compo¬ 
sition of commercial items are accomplished within the limits of the layer of chosen 
depths. The values of target strength are accumulated, sorted by groups, and then 


* Such equipment is used not only to measure the target strength of items and the species composition 
of commercial concentrations, but also to determine the direction and speed of their movement. These 
behavioral characteristics are important both in fisheries and in carrying out acoustic surveys for biomass 
estimation. 
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the length distribution is calculated according to the equation chosen. The length of 
commercial items is transformed into relative values of biomass through the formula 
W = KL fish 3 . The coefficient of proportionality K is determined empirically. The 
percent distribution of the biomass, depending on the length of items, is represented 
on the display as a histogram. 

Marine tests of the instrument have shown a rather strong correspondence of 
the length and species distributions of commercial items received with the help of 
“Simrad” split-beam echo sounders and on the basis of catches. The results of two 
series of tests of the equipment conducted in the Barents Sea on cod concentrations 
are given in Figure 5.11. As seen from the figure, the mode of the length distribution 
received as a result of catches coincides with that appearing on the histogram of the 
instrument. However, no detailed coincidence is observed. In particular, the smaller 
dimensions of cod are seen on the histogram, but were absent in catches. This can 
be explained by fish behavior: because of the complicated characteristic of the sound 
scattering by fish, even small variations of the inclination angle of a fish body leads 
to changes in the target strength and, consequently, of dimensions measured of fish. 

The shift to smaller values of fish dimensions on the histogram is also connected 
to the selectivity of the trawl used. Trawl selectivity is determined by the passive 
(filtration through a mesh) and active release of commercial items from a trawl, 
which varies depending on the speed of trawling and the character of the distribution 
of concentrations. As an example, some results of Norwegian studies of release of 
capelin from the trawl are shown in Figure 5.12. 21 It is seen in the figure that the 
trawl selectivity greatly depends on the dimensions of fish caught. For the sake of 
a correct comparison of the histogram of the length distribution of commercial items 
obtained with the help of instruments and that obtained through catches, it is nec¬ 
essary to know and to take into account the differential selectivity of trawls used. 

The reliability of estimating the length distribution of items in commercial 
concentrations by instrumental means is determined by the error of the method of 
measuring the acoustic section (ct) and by the precision of the dependence o = 
f(L flsh ), which is used in treating data. As the acoustic section depends on many 
factors and, for the same item length can greatly differ during various periods of its 
life, in order to increase the reliability of interpreting concentrations, it is necessary 
to specify the dependence o = f(L flsh ) regarding various conditions of habitation of 
commercial items. 

The instrumental species and length interpretation of commercial concentrations 
has presented itself in a good light aboard fisheries vessels. No doubt, an inculcation 
of this equipment will be very intensive in the near future, especially since this 
equipment is necessary for fishermen and investigators not only for determining the 
length and species composition, but also, as will be shown in further chapters, for 
the quantitative interpretation of concentrations for the estimation of their commer¬ 
cial significance and biomass. 
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FIGURE 5.11 Histograms of the length composition of cod by trawling catches (top) and 
by “Simrad” split-beam equipment readings (bottom): solid line, results of the first series of 
tests; dashed line, results of the second one (Gavrilov, E.N., personal communication). 
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FIGURE 5.12 Length composition of capelin. Top: fell into the cod-end (the average length 
is 13.1 cm); Bottom: released from the trawl (the average length is 12.3 cm). 
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For the efficient use of acoustic instruments, not only the species and length structure, 
but also the quantitative composition of registered commercial concentrations, 
should be estimated. The quantitative estimation of readings of acoustic instruments 
is important in determining fisheries resources, in studying biological regularities 
of the distribution and behavior of aquatic animals, and in fisheries for detecting the 
densest areas of concentrations and their targeted catching. 

6.1 THEORETICAL QUESTIONS OF DETERMINING 
THE DENSITY OF COMMERCIAL 
CONCENTRATIONS 

The basis of the acoustic method of estimating commercial concentrations con¬ 
stitutes the following, universally recognized, statement: The energy of echo 
signals is proportional to the density of distribution of biological items with the 
Rayleigh sound scattering, which occurs in the overwhelming majority of practical 
cases (see Section 1.3).* Measurement of the energy of echo signals is made with 
the help of an echo integrator. Our studies have shown that the theory of the 
process of echo integration is single, both in cases of resolving and unresolving 
fish registration by acoustic instruments. 2 This thesis has been repeatedly con¬ 
firmed by experimental measurements on dense concentrations of small fish in net 
cages and with dispersed concentrations of large fish, the density of which were 
determined by echo counting. 

The formula for determining the value of readings of an echo integrator for one 
transmission with registering concentrations of various densities has the following 
look 2 : 


M, = C eaPv oh x P 


( 6 . 1 ) 


* The acoustic method of quantitative estimation of commercial concentrations was initially suggested 
in the work of Yudanov. 1 
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where C ea is the electro-acoustical constant of the equipment, P v is the volume 
concentration density, h is the concentration thickness, and *P is the integral direc¬ 
tivity factor. 

In this formula, only the integral directivity factor changes in transition from a 
dispersed concentration to a dense one. It can be seen from relation (6.1) that the 
readings of an integrator, and, consequently, the square of the envelope of an echo 
signal are proportional to the integral directivity factor. As follows from Figure 4.3, 
the maximal, amplitude values of the echo signal envelope U amp correspond to the 
maximum of the integral directivity factor'+'((),0 amp ) at the moment when the impulse 
volume reaches the lower border of a concentration. The threshold, minimally 
required for the item registration, values of the envelope U min , appearing at the 
beginning (with 0 min ) and end (with 0 max ) of the registration of echo signals at the 
border of the detection zone, determine the minimally required integral factors, the 
central and peripheral x P(0 eff ,0 max ) ones; i.e.. 


^(o,0 min ) = m ff ,0 max ) - 


u m m 


U al 


( 6 . 2 ) 


Thus, the measurement of amplitudes of echo signals allows for determining the 
values of 0 min , 0 amp , and 0 max with a uniform distribution of commercial items in a 
concentration. At the same time, the distances r cen and r per are determined, from which 
the central and peripheral threshold echo signals arrive. The following relation 
determines the effective value of the integral directivity factor in registering a 
concentration 2 : 


¥ = 


*per 

J »P(0 1 ,0 2 )dr 


/h 


(6.3) 


where 0 1 and 0 2 are the width of the beam of an instrument, corresponding to the 
current distance r to the impulse volume, and r cen and r per are the distances, from 
which the threshold echo signals arrive. 

The value V P(0 1 ,0 2 ) is determined as a difference of the values of the integral 
directivity factor, corresponding to 0j and 0 2 : 


2n k/2 

¥(0) = J J G(0,<p) sin(0/2)d(0/2)dcp (6.4) 

o e /2 


where G(0,cp) is the directivity function of the acoustic beam by intensity. 
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FIGURE 6.1 Integral diagrams of directivity of the different sound types of “Simrad’' trans¬ 
ducers, determined for various conditions. Solid line: transducer type ES 38B, operating at 
38 kHz (1, calculated by usual method; 2, calculated taking into account the backscattering 
by herring 22.5 cm long); dashed line: transducer type ES 120-7C, operating at 120 kHz. 

In Figure 6.1, the diagrams are given of the integral directivity functions of 
“Simrad” transducers operating at various frequencies, determined from expression 
(6.4). The effective value of the integral directivity factor is calculated from formula 
(6.3). Kalikhman and Tesler accomplished these calculations 3 ; let us consider their 
results. 

The dependences of the ratio of active integral factor V P to its full certificate 
value on the dynamic range of registered echo signals U amp /U min are given in 
Figure 6.2. These dependences, as well as calculations with the other distances to 
concentrations, show that with increasing the concentration thickness and decreasing 
its depth, the integral factor rapidly approaches the constant, certificate value. 

Calculations regarding wide- and narrow-beam acoustic instruments indicate 
that in all the real cases of registering concentrations of items, unresolved by 
instruments, it is possible to use the certificate value of the directivity factor (curve 
2). The error of echo integrator readings because of the substitution of *T by v P filU in 
this case does not exceed 10%. With resolving registration of concentrations, the 
dependence of v F/ v I , fllll = f(U amp /U min ) is practically the same for both wide- and 
narrow-beam acoustic instruments. It follows from curve (1) that the use of the 
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Ft a mp/FJ m in 


FIGURE 6.2 Dependence of the integral directivity factor on the dynamic range of echo 
signals in regard to registering various targets: 1, individual; 2, multiple. 


certificate parameter T^is admissible with U amp /U min > 4.0. With a smaller dynamic 
range of registered echo signals, it is necessary to determine the T value regarding 
specific conditions of target registration. 

Going back to expression (6.1), we obtain the following generalized formula for 
estimating the volume concentration density (in sp/m 3 ): 


or 


Pv 


M t 

CJiM'o 


m v = p v o = 


M, 

CJ& 


(6.5) 


( 6 . 6 ) 


The volume density p v is used in studying the structure of commercial concen¬ 
trations, their distribution by area and depth. Regarding the estimation of biomass 
of commercial concentrations, it is more convenient to use the area density p s (in 
tons/mile 2 ) 

p s =3.4whp v (6.7) 

where w is the mass of an individual item, g. 
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Substituting formula (6.7) into expression (6.5), we obtain 


Ps = 


3.4wM t 

CeaM'C 


( 6 . 8 ) 


In calculating the logarithm of equations, which is widely used in fisheries 
acoustics, formula (6.8) takes the following look: 4 

101ogp s = 101ogM-101ogC ES -101ogC EI -TS (6.9) 

where C ES is the constant of a fish finding instrument (including the integral direc¬ 
tivity factor) and C EI is the constant of an echo integrator. 

Formulas (6.8) and (6.9) are the basis for determining the density of commercial 
concentrations by the method of echo integration; in fact, they are algorithms of the 
computer treatment of survey data. 

With separate fish registration by an acoustic instrument, it is possible to measure 
the density of concentrations by echo counter readings. 5 In this case, the following 
formula is used for calculations 2 : 


P s = 


k t r 2 0 eff 2 n 


( 6 . 10 ) 


where n is the number of transmissions (pings). 

In formulas (6.8)—(6.10), we ignored the multiple and coherent sound scattering 
in fish concentrations. In Chapter 1, we have already considered conditions when 
the coherent and multiple sound scattering can be neglected. Let us consider this 
question in greater detail. 

The analysis of the phenomena of sound propagation in dense fish concentra¬ 
tions, cited in section 1.3, shows that the conditions, when it is possible to neglect 
the coherent component of scattering, can be found from formula (1.25): 


8ct 

7t?i 2 r 2 0 e£f 2 


( 6 . 11 ) 


For an echo sounder with ct = 1.5 m, X = 5.0 cm (the operation frequency f = 
30 kHz), r = 100 m, and 0 eff =0.17 rad (10°), we obtain the limiting concentration 
density p v < 3.8 sp/m 3 . With r = 25 m, p v < 61 sp/m 3 . 

The conditions, when it is possible to neglect the multiple component of scat¬ 
tering, can be found from formula (1.27): 


0.8 

Pv < ~ 2 

CT Lfi S h 


( 6 . 12 ) 
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If a concentration consists of fish with the length L flsh = 0.4 m, then with the 
speed of sound c = 1500 m/s and the duration of locating pings of an echo sounder 
T = 1.0 ms, p v < 3.3 sp/m 3 . With L fish = 0.1 m, p v < 53 sp/m 3 . 

To have an idea as to the order of the possible density of concentrations, let us 
cite their tentative values regarding various species of marine animals (Table 6.1). 
These values have been received as a result of comparing the dimensions of con¬ 
centrations registered by instruments and by their actual catches, as well as on the 
basis of the analysis of data of underwater observations. 

It follows from conditions (6.11) and (6.12) and from the data cited in the table 
that it is possible to neglect the phenomena of the coherent and multiple scattering 
in estimating the density of concentrations of comparatively large fish. In the case 
of very dense schools and concentrations, to exclude the impact of these types of 
scattering, it is necessary, when estimating their density, to use echo sounders with 
a high operation frequency (up to 200 kHz), narrow transducer directivity charac¬ 
teristics, and short locating pings (up to 0.1 ms). 

Analyzing the parameters forming expression (6.8), we can see that they may 
change greatly during the measurements of the density of concentrations in a com¬ 
mercial region. The value of the acoustic section of commercial items, depending 
on their depth and orientation relative to the ultrasonic beam of an acoustic instru¬ 
ment, is subjected to especially abrupt variations. The change in the item orientation 
has an impact on the integral directivity factor. The value of attenuation of acoustic 
signals in upper water layers changes strongly under various weather conditions. 


TABLE 6.1 

The density of concentrations of marine animals 


Animal Species 

Dimensions, cm 

Density, sp/m : 

Plankton (large forms) 

1-5 


Dispersed 


10- 1 to 10 1 

Schools 


10 2 to 10 4 

Concentrations 


10‘ to 10 4 

Small fish (sprat, herring, and 
others) 

5-25 


Dispersed 


10- 3 to 10- 1 

Schools 


10° to 10 2 

Concentrations 


10" 1 to 10 2 

Large fish (cod, perch, and 
others) 

25-100 


Dispersed 


10- 5 to 10“ 3 

Schools 


10- 2 to 10° 

Concentrations 


10- 3 to 10° 

Tuna, sharks, and other large 

animals 

> 100 


Dispersed 


< 10"* 
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The variability of the cited parameters is strongly displayed with the horizontal 
item location and comparatively weekly with the vertical one. For this reason, the 
estimation of the commercial concentration density has been accomplished up to 
now, nearly exclusively by echo sounders. Questions of calibrating the equipment 
for determining the density and biomass of concentrations are described regarding 
echo sounders (except Section 6.4). 


6.2 METHODS OF CALIBRATION OF ACOUSTIC 
INSTRUMENTS 

Calibration of the acoustic equipment for the quantitative estimation of concentra¬ 
tions of fish and other marine items represents a complex of steps, carried out for 
the purpose of determining the main parameters of the equipment and for controlling 
their stability. Erroneous values of the characteristics of equipment, items under 
study and the environment may lead to an inadmissibly great error in the quantitative 
estimate of concentrations. Therefore, thorough calibration is one of the most impor¬ 
tant operations in determining the density of item concentrations. 

Different methods of calibration of acoustic equipment have been elaborated. 6 
As a result, the value of the scale for a recorder of the density of fish concentrations 
(integrator or counter) is determined. 

The general constant of calibration or the scale value for an integrator (in 
tons/mile 2 ) can be determined from formula (6.8): 


p s 3.4 w 
M, "C ea Ta 


(6.13) 


Once all of the parameters forming expression (6.13) are determined, it is easy 
to calculate the value of the scale; i.e., the density causing a unit reading of an 
integrator or some other registering instrument. Such a method of the separate 
determination of parameters is referred to as the step-by-step method of calibration. 

Unlike the step-by-step calibration, “through” methods of calibration by com¬ 
mercial concentrations can be used; in this case, the density of concentrations is 
estimated by various means and the general constant of calibration is determined. 

If a group of vessels with calibrated equipment work in one commercial region, 
the comparison of the results of calibration between different vessels through, 
so-called, intercalibration is conducted for reliable use of data of measuring the 
density. 

Let us consider the main peculiarities of the step-by-step and through methods 
of calibration of the equipment, as well as of their intercalibration. 

Step-by-Step Calibration 

It follows from formula (6.13) that for calculating the value of the scale of an 
integrator, it is necessary to know the following parameters: the electro-acoustic 
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constant of the equipment, the mass and reflectivity of an individual item, and the 
integral directivity factor of an acoustic beam. The electro-acoustic constant char¬ 
acterizes the technical condition of the transmitter and receiver of an acoustical 
instrument. This value is measured by the integration of echo signals from a standard 
sphere. 7 The electro-acoustic constant is calculated from the following formula 8 : 


C 


ea 


47tr 2 M! 

°sph 


(6.14) 


where r is the distance to a standard sphere and o sph is the acoustic section of a sphere. 

The standard sphere should be aligned strictly along the acoustic axis of a 
transducer during the measurements. The drift of a vessel and currents disturb precise 
alignment of the sphere. Therefore, the measurements are carried out in a closed 
bay; the work is conducted in the open sea only in extreme cases. In using split-beam 
equipment, where the impact of the transducer directivity characteristic on the results 
of measurements is compensated, the procedure is significantly simplified. The 
principles of operation of this equipment are considered in Section 5.2. 

In aligning a standard sphere accurately on the axis of the ultrasonic beam, the 
precision of measurements of the electro-acoustic constant C ea depends on the errors 
of an integrator, errors of calibrating the sphere, and the values of the spatial sound 
attenuation used in TVG. The errors of measurement of the value C ea are usually 
not greater than ±20% (up to 0.9 dB). 9 

Commercial concentrations consist of items of various masses. In calculations, 
an average mass is used, which is determined from the results of control fishing. 
Regarding a mixed concentration, the average values of an individual item of each 
species and length group must be found. To increase the precision of such estimates, 
it is desirable to take into account the differential selectivity of trawls used. 

Fish of various species and lengths are usually localized in different parts of a 
commercial concentration; thus, the fish distribution is nonuniform throughout the 
water area. Therefore, the control fishing is conducted at various places along the 
path of a survey. From the result of each catch, the average mass of items of each 
species and length group is determined. 

As has already been mentioned in the previous section of the chapter, the value 
of the integral directivity factor *P weakly depends on the conditions of registration 
of a multiple target; it is practically equal to the certificate value. In this case, the 
integral directivity factor can be determined from the following formulas regarding 
transducers either with a round or rectangular aperture 10 : 

\|/=2^ 2 /(7td 2 ) 

or 

\|/= 3^ 2 /(2jtab) (6.15) 

where d is the effective diameter of a round transducer and a and b are the effective 
dimensions of a rectangular transducer. 
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The errors of the value of the integral directivity factor can be within the limits 
±20% (up to 0.9 dB). The expression (6.15) does not take into account the nonuni¬ 
formity of sound scattering by items under study. Accounting for this nonuniformity 
has, so far, been connected with practical difficulties. 3 This circumstance leads to 
an additional overestimation of the value of the integral directivity factor of up to 
30% (1.1 dB) with the wide directivity diagram (on the order 20°)- 9 

If a precise value of the integral directivity factor is required (as, for instance, 
in calculating the zones of detecting commercial items by an acoustic instrument), 
the numerical integration is carried out from formula (6.4). 

Measurements of the acoustic section of an individual item (a) are the most 
complicated step of the calibration. It has already been shown in the first chapter 
that the acoustic section depends, to a great degree, upon the behavior, the biological 
state, and conditions of habitation of commercial items; with varying body orienta¬ 
tion, state of sexual products, or fattiness of the volume of a swim bladder, the real 
acoustic section can change considerably. Therefore, experimental data on acoustic 
sections regarding fish of various species and lengths, determined under stationary 
conditions, usually differ greatly from real ones. For determining real acoustic 
sections, measurements, at present, are carried out only at sea (in situ). 

It has already been mentioned in Section 5.2 that for determining the value of 
acoustic sections in situ , special equipment based on the calculated and direct 
methods of measurements is applied. Such equipment ensures the microprocessor 
treatment of measurement data and represents the distribution of acoustic sections 
of items under study on a color display. 

As commercial items are distributed nonuniformly throughout the water area, 
measurements of acoustic sections are carried out in various parts of the region 
under survey. As a rule, measurements of acoustic sections are conducted simulta¬ 
neously with the control fishing in a layer, corresponding to the vertical opening of 
a trawl. The precision of sea measurements of acoustic sections is determined by 
the error of the equipment under use, as well as by the peculiarities of the behavior 
and distribution of items. The resulting error may reach ±20% and more. 9 

The determination of acoustic sections of commercial items in situ is carried 
out on dispersed concentrations only, in which the indicator of an acoustic instrument 
marks individual items separately. These are, first of all, concentrations of large fish 
(cod, perch, and others), which, in most cases, keep dispersed. Regarding concen¬ 
trations of small fish (herring, sprat, and others), the dispersed distribution is not 
typical; it may, however, occur in rare cases. A resolving registration of small fish 
is possible at night, when fish or concentrations, performing vertical migrations, 
disperse in the upper layers of the water.* Sometimes, small fish are registered on 
peripheral parts of concentrations. 

If it is impossible to find dispersed concentrations in the region under survey, 
the determination of the acoustic section of commercial concentrations is done with 
the help of an extended transducer lowered to the depth of item habitation or fixed 
in the section of a trawl adjacent to the cod-end and connected to the acoustic 


* It should, however, be taken into consideration that the values of acoustic sections at night can noticeably 
differ from those that take place during the day because of the variation of the orientation of fish. 
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instrument by sonde cable. 11 In the last case, the acoustic section of items forming 
dense concentrations is determined from formula (6.fi). The value of the density p v 
is calculated as a ratio of the catch to the controlled filtered volume of the water. 

Through Calibration 

Through calibration is applied only when there is an absence of enough precise data 
on the acoustic section of items forming concentrations, and it is impossible to carry 
out their measurement in situ. In conducting the through calibration by commercial 
concentrations, their density is determined by one of the following methods: creating 
artificial concentrations in a net cage, the counting of items with their resolving 
registration by echo sounder, the use of means of underwater observation, or the use 
of trawls. Knowing the value of the density of a concentration, it is possible to 
calculate the general constant of calibration of the acoustic equipment with the 
integrator readings. The through calibration is rougher than the step-by-step one. 

The creation of a concentration in a net cage is very laborious method, so it is 
used extremely rare; it can be applied only with small fish which can survive the 
trauma of being caught, loaded into a net cage, and adaptation to shallow depths. 12 

Calibration is possible if a target is multiple but the concentration density p v is 
lower than the threshold, when multiple sound scattering occurs (see Section 1.3) 


10 

7tR 2 ct/2 


1 

< Pv<—- 2 

L fish 


(6.16) 


where R is the radius of a cage and L fish is the average dimension of fish in a cage. 

The calculation from formula (6.16) shows that, for example, with R = 1.0 m 
and L flsh = 10 cm, regarding low-frequency echo sounders with x = 1.0 ms, the 
density may be within the limits from 4.0 to 66 sp/m 3 , while in regard to high-fre¬ 
quency echo sounders with x = 0.1 ms, from 40 to 660 sp/m 3 . 

Counting of individual items is possible with the resolving registration of com¬ 
paratively large fish by an acoustic instrument. In this case, the density of a con¬ 
centration, echo signals from that are integrated, is found by the division of the 
number of items counted by the value of the detection zone of an acoustic instrument. 
The limiting concentration density, with which items are registered separately, is 
tentatively calculated from the following formula: 


1 



8 

7tcxr 2 0 eff 2 


(6.17) 


If items are registered all together, a narrower beam instrument is used to 
calibrate an echo sounder. It is possible to carry out the calibration with an additional 
extended transducer connected to a sounder. 
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Use of means of underwater observation is possible only in the case when items 
under study are not frightened. The density of a concentration is determined with 
the help of photography, from an underwater apparatus or with television. 

Photography can be used only in the case of a dense enough concentration. The 
average density of a concentration for a certain period is found by dividing the 
number of fish in a photograph by the total volume viewed by the camera for this 
period. 13 

Calibration through visual observations became possible with the use of under¬ 
water television in fisheries investigation. It is expedient to apply this method to 
comparatively uniform bottom concentrations of low density. The density of a bottom 
concentration is estimated proceeding from the ratio of the number of fish counted 
during a certain period of time to the value of the volume viewed. 

Use of trawls allows one to tentatively estimate the density of concentrations if 
data on catching ability of a trawl are available. The area of the trawl mouth and 
the time of trawling determine the volume trawled. The catch and the coefficient of 
catching ability determine the number of items. Dividing the number of items by 
the volume trawled, it is possible to calculate the density of a concentration. 

A more precise calibration of the equipment can be accomplished with the help 
of an extended device, fixed in the section of a trawl adjacent to the cod-end. In this 
case, in order to determine the density of a concentration of items passing through 
the area controlled by the acoustic device section of the trawl adjacent to the cod-end, 
it is not necessary to know the coefficient of catching ability. 

Intercalibration 

To verify the correctness of the calibration of the equipment installed on several 
vessels, the area with a comparatively extensive and uniform distribution of items 
under study is chosen in the region of operation. The vessels, on which the calibrated 
equipment is installed, move at the minimal distances required to exclude the mutual 
impact of disturbances occurring as a result of operating acoustic instruments and 
wake currents. 

The readings of the integrators installed on the several vessels are radioed to a 
head vessel for the following treatment of the intercalibration data. The vessel, on 
which the maximal precision of equipment calibration is ensured, is chosen as the 
head. The density of registered concentrations is calculated, and the graphs of the 
equations of regressions are plotted. The calculation is made by the following 
formulas 8 : 


P' = a lP + a 2 

p=b lP ' + b 2 (6.18) 

where p and p' are the values of area density received by the head and by the other 
vessels, respectively; a! and bj are the coefficients of regression, determined by the 
standard methods; and a 2 and b 2 are the constants in the equations of regressions. 


© 2006 by Taylor & Francis Group, LLC 



134 


Acoustic Fish Reconnaissance 


In treating the intercalibration data, usually, only the graph of first equation 
(6.18) is plotted. The coefficient of correlation of density values, obtained by the 
head and by the other vessels, is then calculated: 

K cor = VMh (6.19) 

If the coefficient of correlation K cor > 0.8, the precision of the calibration of the 
equipment is considered satisfactory; if K cor < 0.8, the calibration needs to be accom¬ 
plished more precisely. 

6.3 QUANTITATIVE INTERPRETATION OF 

COMMERCIAL RECORDINGS BY ECHO SOUNDER 

It has already been mentioned in Section 6.1 that, because of several technical 
reasons, for the quantitative estimation of commercial concentrations, only vertically 
operating acoustic instruments (echo sounders) of various types are used at present. 
Norwegian scientific echo sounders of the type EK of the firm Simrad are the most 
widely used. 14 A great number of scientific vessels are equipped with them. 

The most up-to-date Simrad system is a high-performance echo sounder for echo 
integration, split-beam target strength measurements, and analysis and reporting. 
The new electronic hardware is combined with up-to-date personal computer pro¬ 
cessing and a Windows operating system. The system provides facilities for accurate 
echo sounding, data storage, data analysis, and reporting of results. The instrument 
is designed for fish abundance estimation, fish behavior and species studies, and 
mapping of krill and plankton. 

The use of the latest achievements in computer technology allowed Simrad to 
create highly efficient systems of marine biomass estimation, automating the process 
of collection and treatment of data received during acoustic surveys. The computer 
software is completely responsible for the treatment of data. Relations for equipment 
calibration, calculation of fish target strength and volume and area density of com¬ 
mercial concentrations, received on the base of the main sonar equation, are used 
as algorithms of the software (see Section 6.1). 

An echo sounder control is accomplished through the computer keyboard. The 
system allows storing data for a following complete treatment. Characteristics of 
the transmitter and receiver are stable, the TVG laws regarding individual and 
multiple targets are precise, and the dynamic range for connecting integrators is 
wide. It foresees the connection of devices of signal treatment to calibrated outputs 
with different TVG laws. This makes it possible to simultaneously carry out the 
integration and measuring of target strength of commercial items. The computer 
display reflects echograms of fish concentrations and the bottom; it is possible to 
print tables of the multilayer distribution of volume and area backscatters, as well 
as the density of commercial concentrations. 

The dynamic range of the receiver is more than 150 dB. Saturation resulting in 
underestimation never occurs with this echo sounder system. The combination of 
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very low self-noise and unlimited TVG ensures correct measurement of all targets, 
from plankton to dense schools of fish. The sounder can operate eight frequencies 
simultaneously for comparison of fish reflectivity in the frequency range 18 to 200 
kHz. Various types of processed data and complex sample data can be stored on the 
hard disk of the control processor. 

The split-beam principle is used to find the position of individual targets in the 
transducer beam, to compensate the beam pattern, and to calculate corrected target 
strength values. The postprocessing software is intended for typical survey applica¬ 
tions like assigning biomass to fish species, comparing results from different fre¬ 
quencies, storing results, and printing survey reports. Investigations can be performed 
in a virtually unlimited number of layers and regions. Integration of echo levels is 
performed in surface or bottom-locked layers, with an individual parameter setting 
for each layer. 

All transducers used in the system are of high quality and are consistent. The 
transducers have been designed for fishery research using the very latest composite 
ceramics technology. The transducers ensure a split-beam transmission and reception 
and provide a frequency range from 18 to 200 kHz. With the low self-noise, high 
transmit power, efficient transducer and signal processing the system has outstanding 
detection capabilities. As shown in Section 2.1, at an operating frequency of 38 kHz, 
echoes from single fish (TS = -26.0 dB) can be observed at the depth of 1000 meters. 
Bottom echoes may be detected down to 9000 m depths with an 18 kHz operating 
frequency. 

The Japanese firm, Furuno, produces another system. 15 It includes, besides ordi¬ 
nary echo sounder blocks, the integrator with the mounted inside the complex of 
measuring equipment for the calibration, the printer with the perforator, and the device 
for echo recording. The multichannel integration, the installed parameters of the equip¬ 
ment, the value of the volume backscatter, and the graph of the distribution of the 
concentration density by depth are printed on the echogram. The possibility of quan¬ 
titative estimation of schools is foreseen. For this purpose, the microprocessor calcu¬ 
lates the cross section of schools. With these data, it is possible to calculate the biomass 
of a school by the average value of target strength and mass of individual specimens. 

Estimation of Concentration Density 

It has been shown in Section 6.1 that the density of a concentration consisting of 
one species, averaged for all lengths, is determined from the following formula: 

p s = CM, (6.20) 

where C is the value of the scale of an integrator and M, is the integrator reading 
for one ping. 

For practical purposes, it is more convenient to express this formula as: 


Ps = 


CMv 


vess 


6014 , 


( 6 . 21 ) 
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where M is the integrator reading for a certain interval of the path of a vessel, v vess 
is the speed of a vessel movement, 1 is the unit of a sampling distance, and fj is 
the ping rate frequency, corresponding to the range chosen for an instrument. 

For quantitative estimating of a concentration according to length (weight) 
groups, area densities of a concentration of items of each group are found. The 
calculation is made from the following formula: 8 


Pj 


K, Mv 

J vess 


Z( K / c i) 


60 If 


j=l 


( 6 . 22 ) 


where Cj is the value of the scale of an integrator regarding items of a given length 
(weight) group, K is the percentage of the weight content of a length (weight) group 
in a concentration, and n is the number of groups. 

It follows from expressions (6.21) and (6.22) that for reliable determination of 
the area concentration density, it is necessary to know the following parameters: the 
value of the scale of an integrator regarding each length (weight) group Cj, the unit 
of a sampling distance 1, the speed of vessel movement v vess , the ping rate frequency 
f imp , the readings of an integrator M, and the percentage of the weight content of a 
length (weight) group in a concentration K r The use of expression (6.22) is also 
necessary in carrying out acoustic surveys of stocks of various fish species, as well 
as of different generations of fish. 

The percentage content of a species or weight group in a concentration is 
determined from the results of control fishing. In order to ensure that such a deter¬ 
mination will be close to the real content of concentrations under study, it is important 
to take into account the difference in the catching ability of a trawl regarding various 
species or dimensions of commercial items. However, the determination of the 
differential coefficient of catching ability is quite difficult and not always accom¬ 
plishable. Some success has been achieved in determining the differential coefficient 
of catching ability of trawls on concentrations of bottom fish with the help of 
underwater apparatus. 16 

Pelagic Concentrations 

The main condition for a reliable quantitative estimation of commercial pelagic 
concentrations is the energetic range of acoustic instruments required for their 
detection. Modem acoustic instruments reliably detect pelagic concentrations at 
comparatively small depths of habitation; it is natural that, in this case, there is no 
problem with their quantitative estimation. It is another matter when commercial 
items remain at significant depths and are registered by the equipment against a 
background of disturbances. Disturbances can be especially great when working in 
bad weather conditions. The decrease of the level of disturbances is achieved by an 
appropriate choice of the course and speed of the vessel motion. 
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With small disturbances, the separation of useful signals is accomplished with 
the help of the threshold device of an integrator, which allows for controlling the 
minimal level of registration of signals. If items under study are registered against 
a background of great noises or echo signals from sound-scattering layers, then 
integrator readings should be corrected taking into account the contribution of 
disturbances. The latter is usually estimated through the second channel of an 
integrator, which is set on the depth where noises are registered but items under 
survey are absent. A comparison of the readings of the two channels provides a 
possibility of estimating weak echo signals from concentrations even though they 
are lower than the level of noises. As has been shown in Section 1.5, the process of 
selecting useful signals against a background of disturbances can be automated. 

Surface and Bottom Concentrations 

Significant difficulties in detection and quantitative estimation arise when operating 
on surface and bottom commercial concentrations. Such concentrations are only 
partially registered by fish-finding instruments because of various limiting factors 
(see Section 4.2). An estimation of such concentrations can be accomplished by the 
combination of the acoustic method with the trawling one. In this case, the part of 
a concentration, which is remote from the surface or bottom of a sea, is estimated 
by an acoustic method exactly as pelagic concentrations are. Surface or bottom areas, 
in which items are poorly detected or completely undetected, are surveyed by 
controlled trawling. 

Area concentration density as a result of trawling (in tons/mile 2 ) is found from 
the following relation: 17 


Pint 


3.4 x 10 6 QL velt 
KQW tawl 


(6.23) 


where Q is the mass of catch for an hour of trawling, tons/hour; Kq is the coefficient 
of catching ability of a trawl (see Section 8.1); L vert is the vertical opening of a trawl, 
m; and W trawl is the technical productivity of a trawl, m 3 /hour. 

Summarizing densities, received in the trawled and integrated layers, allows one 
to tentatively estimate the area concentration density. 

Dividing expression (6.23) by formula (6.20), we obtain the coefficient of 
masking 


K 


M — 


3.4 x 10 6 QL verl 
K Q W tawl CM, 


(6.24) 


The character of the relief and the distribution of unevenness in various areas 
may be different; therefore, the degree of masking of bottom fish readings is not 
always the same. Taking this into account, carrying out controlled trawling and 
determination of the coefficient of masking from formula (6.24) is often required. 
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When the coefficient of masking is known, it is possible to introduce corrections in 
calculating the density of concentration sections located near the bottom. Densities 
of concentration areas, registered in the water column and not subjected to masking, 
are determined, as are densities of pelagic concentration. 

Summing up all of the above-mentioned, it is possible to conclude that the 
methods considered allow for estimating the density of surface, pelagic and bottom 
concentrations with different degrees of accuracy. Regarding pelagic concentrations, 
which are reliably registered by acoustic instruments, the accuracy of determining 
the density depends, first of all, upon the error of estimating the target strength of 
individual items. As a result of a detailed analysis carried out in 1982, we established 
that, in respect to one species concentration of items of one size, the error of the 
concentration density varies within the limits ±50%. 9 However, the up-to-date prac¬ 
tice of acoustic works shows that, due to the more sophisticated technique and 
methods of measurements, the error of acoustic estimation of the density of fish 
concentrations within a water column, under favorable conditions, is usually less 
than 20-30%. 

In the case of complicated measurements of surface and bottom concentrations, 
the accuracy of determining the density may be considerably lower. Such measure¬ 
ments are very expensive, as they require a significant amount of the expedition 
time. Therefore, for the practical realization of accurate enough measurements of 
the density of concentrations near the surface and bottom, new methodological and 
technical solutions are required. 

6.4 QUANTITATIVE INTERPRETATION OF 
COMMERCIAL RECORDINGS BY SONAR 

It has been mentioned in a previous section of the chapter that, at the present time, 
echo sounders are widely applied for quantitative estimation of commercial concen¬ 
trations. However, in some cases, the use of an echo sounder does not allow one to 
receive correct estimates of the density of concentrations under survey. In particular, 
in estimating surface concentrations of mobile fish, which are strongly frightened 
by a vessel, underestimated values of the density and quantity of fish are often 
received. The problem is that echo sounders possess only a narrow detection range 
outside a vessel’s boundaries; therefore, when fish are frightened, they fall only 
partially into the detection zone of an instrument, which results in an underestimation 
of concentrations. 

The phenomenon of fish frightening in surface water layers is observed in seas, 
as well as in internal waters. Horse mackerel, scomber, herring, and other pelagic 
fish are strongly frightened. Bottom fish (cod, sea perch, whiting, and other species) 
are not so frightened. It is typical that permanent work of a powerful fisheries fleet 
in commercial regions does not lead to adaptation; on the contrary, it intensifies fish 
reaction to a vessel noise. 

Vessel noises frighten fish keeping dispersedly, in schools or concentrations. 
With a schooled distribution, fish react especially sensitively. Underwater observa¬ 
tions by application of various technical means show that schools of many species 
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of pelagic fish, at depths of 50 m and deeper, distinctly react to a vessel noise. Fish 
move away from a vessel from the depths of 100-150 m and sometimes even deeper. 
As a vessel approaches, the speed of fish motion increases; the density of fish 
concentrations measured by instruments usually decreases greatly. For example, 
according to the results of observing schools of herring at depths of 30-60 m, when 
a vessel passed over the fish, the density of their concentrations fell some 70-80% 
on the average. 18 

In estimating surface concentrations of easily frightened fish, it is expedient to 
apply sonar, which allows for registering commercial items far away from a vessel. 
Unfortunately, until now, sonar has not been used for quantitative estimation because 
of a number of methodological and technical difficulties. Determining the kilometric 
sound attenuation, the path of the ultrasonic beam of an instrument, the location of 
schools with regard to the beam, the necessity of accounting for the variability of 
the acoustic sections of commercial items, and the integral directivity factor are 
among these problems. 

It will be possible to overcome the cited difficulties only after considerable 
improvements in the acoustic technique and methods of treating the information 
used. Substantial progress in this direction has already been made. The application 
of computer technology in fish-finding equipment and the creation of various scan¬ 
ning sonars allows for determining a way of resolving the problem of the quantitative 
estimation of commercial concentrations with the help of an acoustic instrument 
operating horizontally. 

The Simrad firm has made attempts at quantitative estimation of schools with 
scanning sonar used as indicators of underwater conditions. 19,20 For this purpose, the 
microprocessor treatment of sonar echo signals is executed inside a “window” set 
on the display according to range and angle corresponding to the dimensions of a 
registered school. The computer performs a number of operations on echo signals 
from a school within the limit of the chosen window, including squaring, integration, 
and multiplication by the volume of a school. The calculated value, proportional to 
the biomass, is indicated on the display in relative units. This allows a fisherman to 
make a relative estimation and to choose the most convenient school, taking into 
account its commercial significance. However, such a quantitative estimation of 
schools may only be tentative so far. For receiving a more precise estimate, as 
mentioned above, it is necessary to take into account the target strength of fish, the 
aspect of their insonification, and other characteristics. 

Vertical scanning of an ultrasonic sonar beam perpendicularly to the direction 
of motion, from the starboard or port side of a vessel, seems to be rather applicable 
for a quantitative estimation. Such a traverse mode of acoustic investigation allows 
for excluding the variation of the distance to fish concentrations in the direction of 
vessel motion and permits receiving the clear view of their distribution and dimen¬ 
sions on the indicator. As an indicator of the behavior of fish, as well as the direction 
and speed of their movement, it is possible to use plane tables of underwater 
conditions. Knowledge of the direction of fish motion provides the possibility of 
determining their orientation relative to the ultrasonic sonar beam, and to take this 
into account when estimating acoustic characteristics. 
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Further considerations about the application of sonar for a quantitative esti¬ 
mation will be, first of all, related to the school distribution of concentrations 
located in surface layers of the ocean, as easily frightened fish usually form 
compact movable schools. For the sake of simplicity of the following calculations, 
let us consider the path of the ultrasonic beam as being rectilinear, i.e., without 
accounting for the refraction of the beam because of the nonuniform structure of 
the sea; the angle of inclination of the sector of ultrasonic beam will be taken 
equal to (3 = 0/2. The width of the sector of scanning is chosen so that fish fall 
into the detection zone from all depths of their distribution. The location of the 
sector of ultrasonic beam and fish schools under the traverse mode of sonar 
operation is shown schematically in Figure 6.3. 

It follows from the figure that, regarding the vertical location with the corre¬ 
sponding TVG law, expression (6.8) for determining the area concentration density 
(in tons/mile 2 ) can be presented as 


P s = 


3.4 wM,h 


C ca v k r inl o 


(6.25) 


where h is the average thickness of the water layer, in which fish are registered, m; 
and r^t is the range of integration, m. 

In this case, 


h = r aver 0 

raver = (WHlmmr int = r max -r min 

0=n 0 • u/ _ n 11 / 
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(6.26) 
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FIGURE 6.3 Scheme of locating the scanning sector and fish schools with the transversal 
investigation by sonar. 
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where r min , r aver , and r max are the minimal, average, and maximal distances, respec¬ 
tively, m; 0 and 0 beam are the width of the sector and elementary beam, rad; n beam is 
the number of elementary beams in the sector; and v F beam is the integral directivity 
factor of the elementary beam. 

Substituting expression (6.26) into formula (6.25), we obtain the following 
relations: 


Ps = 


1.7M 1 w0 beam (r max +r min ) 

C rp (r —r )n 

^ea A beam y A max A min J w 


r + r • 

_ max min 


(6.27) 


where C is the value of the scale of an integrator. 

To estimate the density of commercial concentrations from formula (6.27), it is 
necessary to take into account the peculiarities of determining the TVG law and the 
acoustic section of fish situated on a horizontally located transducer axis. 

For determining the acoustic section of fish situated on the axis of the ultrasonic 
beam, it is necessary to know the space indicatrix of the sound backscattering by 
the fish and its orientation angle. The angle of orientation of fish relative to the 
acoustic axis is found from the readings on the plane table of underwater conditions, 
on the screen of which the direction of fish movement is fixed. The indicatrixes of 
the sound backscattering by fish are measured under stationary conditions. 

It should be noted that mainly plane indicatrixes of the sound backscattering 
have been measured until now under stationary conditions; information on regular¬ 
ities of the space sound scattering is scant. It is necessary to fill this gap and to carry 
out the required volume of measurements of the space indicatrixes regarding all the 
main species of commercial fish of various lengths. 

The results of our measurements of the space indicatrix of the sound 
backscattering by commercial fish are given as example in Figure 1.6 (see Section 
1.2). It is easy to understand from the figure that, with the horizontal location of 
schools, in which fish are oriented in a certain direction, their acoustic sections on 
the axis of the ultrasonic beam of an instrument can be determined from the space 
indicatrix of scattering by the known inclination angle (3 and the azimuth angle cp.* 
The knowledge of space indicatrixes also allows calculation of more accurate values 
of the integral directivity factor taking into account the sound backscattering by fish. 

In estimating the density of concentrations with sonar, it is important to exclude 
the impact of the distance to fish and the kilometric attenuation of the sound in the 
water on the values of echo signals. For this purpose, it is necessary to use the TVG, 
the law of variation in which can be controlled within great limits. The changes in 
the TVG law are determined, first of all, by the peculiarities of the sound attenuation 
in surface layers of the ocean. Depending on the saturation of surface layers with 
air bubbles and other heterogeneities of the medium, the sound attenuation at various 
distances can vary strongly. 


* Regarding concentrations, in which specimens are distributed irregularly, the determination of the 
acoustic section of items is connected to the averaging of values by all azimuth angles for a given 
inclination angle. 
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The determination of the sound attenuation in surface layers of the ocean cannot 
be calculated on the basis of any theoretical relations; therefore, experimental mea¬ 
surements under real conditions are required. The averaged variations of the sound 
attenuation by depth, obtained with the help of the measuring equipment operating 
on the principle of the “autocirculation method,” are given in Figure 6.4. 21-23 It is 
possible to reduce the values of the sound attenuation from the distances used in 
the experiments to real ranges of sonar. The scales of distances obtained from the 
results of such calculations are given in the figure by the abscissa axis. Obtaining 
dependences of sound attenuation on the distance in the region of operation makes 
it possible, in investigating surface layers of the ocean, to introduce required cor¬ 
rections into the TVG law of the sonar receiver. 

The solution of problems connected to the determination of the TVG law and 
of the fish acoustic section on the sonar transducer axis allows for accomplishing 
complete calibration of the equipment and calculating the value of the scale of an 
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FIGURE 6.4 Dependence of the sound attenuation by sonar on the distance with a frequency 
of 30 kHz. the acoustic beam inclination angles of (3 = 5°, |3= 10° and various roughnesses 
of the sea: 1, wave height 3.5-4.0 feet; 2, wave height 8.0-12.0 feet. 
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integrator. After that, as follows from formula (6.27), it is necessary to install the 
range of integrating echo signals from fish by distance in order to determine the 
density of concentrations. 

In carrying out acoustic surveys, the widest range of integration distances should 
be used; as the wider the range, the greater is the area of a zone investigated by 
sonar. This is especially important with a nonuniform fish distribution by water area. 
In this case, for ensuring accurate enough estimation of concentrations, a more 
detailed investigation of the region is required. The distances, within the limit of 
which the reliable registration of fish concentrations is observed, determine the 
choice of the range of integration. The minimal border of the range of integration 
r min is set at the distance where a vessel does not frighten fish; the maximal one r max 
corresponds to the limiting detection distance. 

Summing up all the above-mentioned, we think that the suggested method of 
estimating the density of concentrations of easily frightened fish with the help of 
special scanning sonar gives the possibility of carrying out acoustic surveys with an 
accuracy admissible for the practice. Currently, the various models of such acoustic 
complexes are under elaboration. 

As, so far, there are no special complexes for determining the density of con¬ 
centrations of easily frightened fish, we suggest estimating them roughly with the 
use of existing sonar. In this case, taking the value p s , calculated for sonar from 
formula (6.25) as the real concentration density and, in comparing it with the value 
of density obtained with an echo sounder, the correction coefficient K correct is received. 
With the help of this coefficient, it is possible to correct the results of acoustic 
surveys taking into account the frightening of fish by a vessel; i.e., 


K„ 


Psonar 

C M 

^ sonar sonar 

0(r ma x+rmin) 

P sounder 

^ sounder ^ sounder 

9 (r — r . ^ 

\ max rrun ) 


(6.28) 


where M sonar , C sonar , and p sonar are the average readings of the integrator, the value of 
its scale, and the area concentration density, respectively obtained with the use of 
sonar; and M sounder , C sounder , and, S0lmder are the same with the use of an echo sounder. 

The coefficient of correction is an objective characteristic of a frightening prop¬ 
erty of commercial fish; it can be measured with the help of sonar, an echo sounder, 
and an integrator of any type appropriate for such measurements. 

It follows from relation (6.28) that, prior to determining the coefficient K correct , 
the measurements of the constants C sonar and C sounder should take place; i.e., the 
calibration of the equipment. Special attention should be paid to the estimation of 
the fish acoustic section, the value of which strongly depends upon the direction of 
insonification. 

With the irregular fish location, which is usually observed in concentrations, the 
value of the average acoustic section (a) can be obtained from the polar diagram of 
the sound backscattering by fish through the averaging of values by all directions 
(Figure 6.5). To determine the average acoustic section in schools, where specimens 
are located regularly, it is first necessary to establish the direction of their motion 
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with sonar. Only after that, knowing the location of fish relative to the beam of sonar, 
is it possible to determine the average acoustic section from the diagram of 
backscattering within the width of the characteristic of the transducer of an 
instrument. 

Having calculated the constants regarding sonar (C sonar ) and an echo sounder 
(Csounder)’ h is possible to start determining the coefficient of correction K correct . For 
this purpose, the measurements of readings of the integrators connected to sonar 
(IVTs 0n;L r) and the echo sounder (M solmder ) are conducted. For accomplishing the men¬ 
tioned measurements, the area of commercial concentration with a comparatively 
uniform fish distribution is chosen. To exclude the influence of area reverberation 
and the sound attenuation because of the water aeration, it is expedient to carry out 
all the measurements in calm weather. Readings of the integrators, working with an 
echo sounder and sonar, are taken on the same concentrations and at the same vessel 
speeds that will be used in the acoustic surveys. 


Head 

0 ° 



Tail 

FIGURE 6.5 Polar diagram of sound backscattering by fish 33 cm long with a frequency 
f = 20 kHz. 
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To clearly understand the procedure of determining the degree of influence of 
the frightening of commercial concentrations on the estimation of their biomass, let 
us consider an example of calculating the coefficient K correct regarding schools of 
horse mackerel in the southeastern part of the Pacific Ocean, located in the upper 
water layers. 

A typical acoustic station is used to measure the coefficient K correct . Both the 
vertical and horizontal tracts of the station operate alternately. Regarding the param¬ 
eters, identical for both tracts, it is possible to find their constant. Let C ea = 2.8 x 
10 6 . The effective transducer directivity angle 0 = 20° (0.35 rad); the integral direc¬ 
tivity factor ¥ = 3.5 x 10~ 2 . 

The average length of horse mackerel L flsh = 33 cm, its weight w = 350 g. The 
acoustic section of horse mackerel with the vertical location 0 = 50 cm 2 (according 
to the data of in situ measurements). The angle of insonification of fish, measured 
with sonar, 0 = 70°. The average acoustic section of horse mackerel regarding 
schools, determined from the polar diagram of the backscattering with 0 = 70° within 
the sector of cf) = 20° is equal to 0 = 0.5 x 50 = 25 cm 2 ; the same with irregular fish 
orientation, observed in concentrations, 0 = 0.4 x 50 = 20 cm 2 (Figure 6.5). 

The general constant is calculated from formula (6.13): using an echo sounder 
Cylinder = 31 tons/mile 2 ; applying sonar C sonar = 62 tons/mile 2 . 

The measurements of horse mackerel schools were accomplished during a period 
when a wave height was 1.5-2.0 feet when the vessel speed v vess = 9.0 knots. With 
a horizontal location, the beam is directed perpendicularly to the course of a vessel; 
the inclination angle 10°. The borders of integration with the horizontal location 
were r^ = 200 m, r max = 500 m. The unit of sampling distance was 1 = 3.0 miles. 
The reading of an integrator was with the horizontal location, M sonar = 9850; with 
the vertical one, M S0llnder = 2520. From formula (6.21), after reducing to one ping: 
M sonar = 7.71 and M sounder = 1.97. 

The tentative value of the coefficient of correction, calculated from formula 
(6.28), is equal to 

= 62x7.71 0-35(500 + 200) 

correct 31 x 1.97 X 2(500-200) 

This means that, because of the fish frightening, the concentration density of 
horse mackerel schools determined with an echo sounder appeared to be 3.2 times 
less than the true one. 

It has already been mentioned that the extent of fish frightening depends on the 
character of their distribution and can substantially vary in time, including in the 
course of their daily vertical migrations. Therefore, it is necessary to determine the 
values K correct regarding each species of fish under various distributions and behaviors, 
gradually accumulating the required bank of data. Further on, such a bank of data 
will allow for avoiding laborious measurements of the coefficient K correct in the 
practice of carrying out surveys of easily frightened fish. 
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Commercial Resources 


As mentioned earlier, an acoustic reconnaissance is understood as a complex of 
steps aimed at the search and detection, the quantitative and qualitative interpretation 
of commercial concentrations, as well as the estimation of their biomass. In the 
previous chapters, we have been analyzing in detail the possibilities of the search, 
detection, and interpretation of concentrations by acoustic instruments. In the present 
chapter, we will consider questions related to the estimation of the state of commer¬ 
cial stocks. 

The necessity of the estimation of the state of biological resources has lately 
become especially urgent in connection with the decrease of the fish stocks in various 
regions. Because of the great technical power of a fisheries fleet, the exploitation of 
detected concentrations proceeds very quickly and often leads to an abrupt reduction 
in the stocks. With a poor state of the stocks and the heavy impact of numerous 
anthropogenic factors, which are observed nearly everywhere, small mistakes in 
forecasting the biological resources and commercial withdrawal may result in sig¬ 
nificant limitation and even prohibition of exploitation of the population. To preserve 
commercial resources from overexploitation and to ensure stable fishing, the well 
arranged monitoring of biological resources is required. 

To estimate the state of the stocks by the acoustic method, an acoustic survey 
of the habitat of distribution of commercial items is carried out. The vessel conducts 
a series of transects within a fixed area; echo integrator (or counter) readings for a 
certain sampling distance along transects are taken; the average values of density 
within these areas are estimated; the density distribution in this area is plotted; and 
the value of the biomass is calculated and its error is estimated. 

While conducting acoustic surveys of biological resources in various fisheries 
basins, not only the overall biomass of items is estimated, but also their differential 
quantities of age composition. The results of estimation of the distribution, quantity, 
and biomass, acquired on the basis of data from an acoustic survey, taking into 
account ages and maturity as well as biostatistic indices, allow researchers to make 
conclusions about the yield of various generations and to forecast the state of the 
stocks and the allowable catch. 

A stable equilibrium of the ecological system of a region can be maintained by 
conducting surveys, controlling the state of biological resources and commercial 
withdrawal of the main species of fish as well as the other species making up the 
ecosystem. While estimating the biological resources, it is necessary to take into 
consideration the food interrelations of various species in order to determine the 
extent of influence of the competition, predation, and cannibalism in the rise or fall 
of their quantity. 
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Taking into account the close relationship of a distribution, quantity, and biomass 
of fish concentrations and their habitat conditions, surveys of biological resources 
and fishing conditions must be multidisciplinary. Later on, let us conventionally refer 
to multidisciplinary surveys as accounting ones. 1-3 They encompass, in addition to 
the collection of data on distribution, quantity, and biomass of commercial items, 
ichthyologic, oceanographic, and other measurements as well (see, for example, 
Reference 4). 

The major role of some information and the extent of complexity of surveys are 
determined by the tasks of investigations. If the goal of the survey in a traditional 
area is the estimation of the quantity and biomass of the population according to 
the length and age composition, the major information is obtained with the help of 
acoustic surveys and control fishing, and oceanographic data are supplementary. 

More detailed oceanographic information on the parameters of the water medium 
is needed in cases of anomalous conditions, when the distribution of fish strongly 
differs from normal. In those cases, more frequent oceanographic stations and 
transects should be conducted. When studying the impact of the environment on the 
distribution of fish, information on oceanographic parameters must be collected in 
even greater detail. 

Data on distribution, quantity, and biomass of concentrations, acquired with the 
help of acoustic surveys, are tied up to oceanographic characteristics of the medium 
and physiological condition of fish and are compared with the forecasted stock for 
this period. If there is a significant difference in commercial resources from the 
forecast values, necessary steps are taken; for example, corrections to the forecast 
value of commercial withdrawal are introduced. 

To arrange and carry out accounting surveys for studying the ecosystem inter¬ 
relationships, a wide circle of questions connected to their design, collection, and 
treatment of ichthyologic, oceanographic, and other information must be answered. 
However, the above-mentioned questions have been poorly developed as of yet. It 
is necessary to elaborate and scientifically base the methods of the complex design 
of surveys and their strategy and tactics. These problems must be solved by joint 
efforts of experts in ichthyology, acoustics, and oceanography regarding specific 
regions and items of fishery. 

The entire complex of the above-mentioned problems is considered in the present 
and the following chapters. The solutions to these problems in estimating, control¬ 
ling, forecasting, and regulating fisheries resources with the help of accounting 
surveys are shown. 

7.1 ACOUSTIC SURVEY TACTICS 

An acoustic survey generates considerable expenses; therefore, it should be carefully 
planned and accomplished in accordance with the tasks set, which can significantly 
differ, depending upon the extent of mastery of a region under study and the survey 
conditions. Tactics is a system of operations in designing and carrying out an 
acoustic survey ensuring the solution of its tasks. 
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The Choice of the Survey Periodicity 

The survey periodicity depends on the state of the stocks of commercial items. It is 
usually enough to conduct rare surveys (once a year) to control the state of biological 
resources with a comparatively stable stock, as well as under extreme conditions, 
when fisheries are prohibited or the stock is poorly exploited because fisheries are 
not profitable during a certain period. More frequent surveys are necessary with an 
intensely harvested state of stocks or under anomalous natural conditions, when 
seasonal control is required. 

To regularly control the state of the stock, surveys within the period of fattening 
are undertaken first. With an intensely fished state of the stock, when its value is 
close to critical, a regular control of the state of resources is especially important, 
as well as a corresponding, timely correction of commercial withdrawal. In this case, 
it is expedient to also estimate a spawning shoal. In fact, the general state of the 
stock of a population and its stability depend directly on the quantity of the spawning 
shoal. It is most convenient to carry out surveys of spawning grounds within the 
periods when the spawning process occurs within brief periods and all mature fish 
gather in one region. 

It is more complicated to estimate a spawning shoal if the spawning process 
occurs step-by-step and lasts a long time. It is still harder to do it when a species 
consists of several populations, each of which has its own periods and places of 
spawning. In such cases, a survey of spawning resources is only possible when the 
spawning grounds and the dependences of the peculiarities of a spawning on the 
water medium conditions have been studied enough. 

Knowledge of the quantity of the species studied by ages allows one to estimate 
the productivity of generations taking into account their commercial withdrawal. 
With an intensely harvested state of fisheries stock, to study the perspectives of its 
reinforcement at the expense of younger generations, the estimation of the quantity 
of fry is required. It is expedient to quantitatively estimate the earlier generations, 
including recruits entering the spawning shoal, in the course of the accounting survey 
of commercial stocks within the fattening period, when all of the age groups stick 
close together. 

Owing to the numerous factors affecting the reliability of the results, a survey 
is preceded by careful preparation, during the course of which preliminary data on 
items, region, and water medium are collected. Instructions on fisheries, results of 
previous surveys and investigation voyages, hydrographic characteristics of the area, 
fishery data, etc., serve as sources of such information. 

Based on information available, the dimensions of the region under investigation 
and the character of the distribution of concentrations by water area and by depth 
are estimated; the duration of the survey is fixed. The period of work is determined 
taking into account biological conditions and the behavior of items as well as weather 
conditions. To acquire reliable information on the state of the stock, surveys are 
carried out at the end of biological periods, when the majority of the population 
gathers in a specific region. At this time, fish keep comparatively stably, within a 
limited area, gathering in rather dense concentrations before migrating to places of 
wintering, fattening, or spawning. Surveys are conducted within the period of mass 
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arrival of fish to the area of concentration. The time of mass fish arrival is estimated 
from retrospective data, so efforts of researchers are aimed at arrival to a survey 
location prior to the time of occurrence. 

In the beginning, a short preliminary investigation is carried out to estimate the 
general conditions, the distribution, and habitat area of commercial items and to 
approximate values of their quantity. Besides the vertical distribution of items by 
area, vertical sections of the volume density are of considerable interest. The graphs 
of vertical sections are obtained by means of the multichannel integration of echo 
signals from various depths (Figure 7.1). Such graphs facilitate obtaining a more 
complete idea of the distribution of items in the region. 

Only with anomalous natural conditions, when the limits and the character of 
distribution of commercial items change strongly, must researchers carry out an 
entire preliminary survey. While planning a preliminary survey, attempts at combin¬ 
ing its transects with standard hydrological transects and stations are made, which 
ensure a more effective use of ship time and the collection of all required information. 
The length of transects and the distance between them is chosen based on the 
preliminary estimate of the area of distribution of items. 

If a preliminary survey in a chosen region shows that mass fish arrival has not 
yet begun, a preliminary investigation is continued to receive more complete infor¬ 
mation on the items and on the water medium. Only after the maximal arrival of 

p, sp/m 3 X 1(T 3 

0 5 10 15 



FIGURE 7.1 April 1981, North Atlantic. Distribution of the volume density of blue whiting 
concentrations by depth: 1, during the daytime; 2, during the nighttime (Ermolchev, V.A., 
personal communication). 
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fish is established is a detailed survey accomplished. If a survey is carried out in a 
region of fisheries, rapid fisheries-acoustic surveys are conducted instead of prelim¬ 
inary investigation. Their results easily allow for establishing the peculiarities of the 
distribution of commercial items (see Chapter 8). 

Choice of the Time for the Survey Initiation 

It is known that fish nearly always move permanently; therefore, it is hard to 
encompass all the population in a survey. Only in rare cases does the population of 
some species of fish form nearly immovable local concentrations within periods of 
spawning or wintering. Estimation of such concentrations provides a complete 
enough notion of the stock of population. However, the stocks of many fish species 
are estimated along their routes of migration, when they concentrate at traditional 
places within the period of fattening, spawning, or wintering. Carrying out surveys 
of such areas allows researchers to obtain information comparable by years and 
seasons on the state of stocks. 

A major condition of efficient stock estimation consists of the choice of the time 
for initiation of an acoustic survey. To ensure conformity of the biomass received 
from the data of the acoustic survey to the state of the stock, the investigation is 
conducted at the time of maximal approach of fish to the traditional area. If com¬ 
mercial items inhabit depths mainly near the bottom, periods of conducting acoustic 
surveys should be additionally coordinated with the minimal masking of bottom 
fish, when concentrations keep separately above the bottom and errors of acoustic 
instruments are comparatively small. When indicated, the time for the initiation of 
surveys is determined from the retrospective data. 

Unfortunately, the precision of forecasting the time for initiation of a survey in 
a chosen region is usually not high. In addition, for organizational reasons, no survey 
is often done in the time fixed. As a result, upon completing a survey, it is often 
unclear just what part of a commercial stock was investigated; that is, the value of 
a biomass obtained in such a way is random. Therefore, in preparing a forecast, 
biologists, not confident of quantitative survey results, do not use the value of a 
biomass, but rather the tendency of this value to change as compared to previous 
years, which is, also, not always correct. 

Experience shows that the correct time for initiation of a survey becomes avail¬ 
able only after a preliminary investigation of a region; respectively, it is possible to 
receive a reliable value of a biomass characterizing the value of a stock. It becomes 
possible to do this most accurately when carrying out fisheries-acoustic surveys or 
prolonged passing observations (see Chapter 8 and Chapter 9). 

The Choice of the Survey Type 

For estimating a biomass of commercial concentrations within the water column, 
an acoustic survey is usually sufficient. When fish are distributed near the surface 
or the bottom, it is necessary to carry out a combined, trawling-acoustic survey. 
Before the beginning of a survey, the extent of masking of a surface or a bottom 
concentration is elucidated, and the coefficient of masking of the readings of an 
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acoustic instrument K M is determined from formula (6.24). If the masking is insig¬ 
nificant (K m < 0.1), an acoustic survey is conducted. With a value of K M up to 10, 
a trawling-acoustic survey is undertaken and, with a value of K M exceeding 10, a 
trawling one is carried out. Sometimes, to reveal the general distribution of surface 
concentrations, an aircraft survey is conducted or satellite information is used. 

The Choice of the Survey Mode 

The forms of mode includes the grid of transects, the unit of sampling distance, the 
speed of vessel movement, and the time of day during which an acoustic survey is 
carried out. 5 

The grid of transects is determined by the direction of movement, the grid 
pattern, and the distance between transects. If the item distribution is unknown or 
has been only slightly studied, a preliminary survey is carried out for outlining the 
area of item habitation and tentatively estimating fish quantity. If the item distribution 
is known well enough, a detailed survey is conducted with the purpose of more 
precisely estimating the concentration density and biomass. 

When choosing the grid of transects, it is necessary to pay the most attention 
to areas of the region under survey most favorable for the formation of commercial 
concentrations. Transects should intersect frontal, gradient and so-called ergocline 
zones; the latter refer to areas of contact, mutual penetration, and mixing of water 
masses accompanied by various physical phenomena (fluxes, eddies, upwelling, 
waves, etc.). When surveying a bottom concentration situated over a complicated, 
broken relief, it is necessary to locate transects within a small angle or along isobaths; 
otherwise, transects will be very short. 

The direction of motion is also important in surveying moving concentrations. 
The path and speed of horizontal migrations can be determined with the help of 
sonar with a panoramic or sector view with electronic scanning, as well as with 
measuring devices using the Doppler effect. If the direction of movement of items 
under survey is discovered, it is necessary to locate transects so that they will be 
perpendicular to the path of the fish motion, while the general direction of a survey 
should be opposite to that of the migration. For this purpose, it is necessary to 
progress along a concentration and to reach heading schools; then a survey is carried 
out in the opposite direction. If the speed of fish movement is known, it is taken 
into account in treating the survey data (see Section 7.2). 

The survey pattern represents either zigzag or parallel transects. Zigzag transects 
are the more economical survey pattern. The efficiency of both patterns was inves¬ 
tigated by means of a mathematical simulation of concentrations and surveys (see 
Section 7.3). For increasing the efficiency of acoustic surveys of slowly moving 
concentrations, it is expedient to design a double grid of transects; for example, 
double zigzag with a shift (a so-called interleaved survey). 6-8 In this case, the item 
distribution and biomass are ascertained after the first pass; as a result of the second 
one, the survey data are defined more precisely. Survey interruption because of 
unexpected circumstances leads to smaller losses when using such tactics. 

It is important to correctly choose the distance between transects in designing 
surveys. The choice of acoustic transects depends on the character of nonuniformity 
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of the field of density of commercial concentrations. The transects intersecting a 
relatively uniform distribution of measured fields should be located at water areas 
rarer than those crossing places with abrupt variation of concentrations under survey. 
The distance between transects is usually designed to be constant if the character 
of a distribution is unknown, as well as for comparatively homogeneous commercial 
concentrations. Under a very nonuniform structure, the region of a survey is divided 
into sections with comparatively uniform distribution (strata); in this case, the dis¬ 
tance between transects on each stratum is designed to be constant, while on various 
strata it can vary. Tentative values of the distance between transects are, regarding 
a large-scale survey, up to 50 miles and more; with respect to a small-scale survey, 
from 20-30 down to 4-5 miles or less, depending on the suggested area of work. 

The valid choice of the distance between transects of an acoustic survey is a 
complicated problem; for its solution, it is necessary to calculate and to analyze the 
statistical characteristics of the fields of density of concentrations under survey. The 
values of a density at areas of concentration, located closely enough, one to another, 
can be correlated; i.e., statistically connected. It is clear that, in locating transects 
along these areas, the estimate of the biomass is less precise than that obtained as 
a result of studying the areas of a concentration with uncorrelated values of density. 
On the other hand, too great a distance between transects of an acoustic survey leads 
to a decrease in information on the density of concentrations within the areas located 
between transects. 

One of the characteristics of a random held of density of concentrations is the 
autocorrelation function. 910 An optimal distance between transects is chosen on the 
basis of calculation of the radius of autocorrelation R; i.e., the maximal distance at 
which the values of the density are statistically connected. The autocorrelation radius 
is determined from a plot of the autocorrelation function as the distance from the 
coordinate center to the point where the lag (autocorrelation) is zero. 9 The function 
of autocorrelation of the held of density of concentrations of Antarctic krill is 
presented in Figure 7.2 as an example. 5 The distance between transects is chosen 
close to the distance at which the autocorrelation function comes to the abscissa 
axis. Questions of choosing the distance between transects on the basis of the 
autocorrelation radius are considered in greater detail in Section 7.3 

Besides the autocorrelation function and radius, an important statistical param¬ 
eter, widely used in acoustic biomass estimation, is the average value of the density. 
In the general case, the average density is determined as: 



(7.1) 


where p is the density of concentrations studies, x and y are the coordinates of the 
point of measuring the density, X and Y are the length and width of the water area 
studied, and S is the area of the region under investigation. 

With an isotropic distribution of the density field in the working area, the average 
values of the density are independent on one of the coordinates; i.e., 
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r, mile 

FIGURE 7.2 Autocorrelation function of concentration density of Antarctic krill from the 
data of the acoustic survey carried out in 1981. 

P = V f P (x)dx (7 ' 2) 

X Jo 

This means that, in the case of isotropy, the determination of the average density 
can be reduced to the treatment of data of measurements on linear areas; i.e., on 
transects. 

The unit of sampling distance is the length of a survey transect along which 
acoustic measurements are integrated and averaged to receive one sample. If the 
sampling distance unit is too large, potentially useful information about the distri¬ 
bution of the stock will be lost. If it is too small, successive samples will be 
correlated, in which case it will be difficult to determine the confidence interval for 
the stock estimate. 6 The unit of sampling distance may be as short as 0.1 miles to 
distinguish dense schools, or as long as 10 miles in the case of species widely 
distributed over large expanses of the ocean; usually, the sampling distance unit may 
be within a range of 1-5 miles. 6 

As will be shown later (in Section 7.3), it is expedient to take the unit of sampling 
distance close to the autocorrelation radius of the field density in the direction 
perpendicular to a survey. In this case, density readings from an integrator will be 
independent, and the error of the biomass estimate will be minimal. The unit of 
sampling distance as short as one to two miles is taken for calculating statistical 
characteristics of density fields. 
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The speed of vessel movement is chosen so disturbances on the transducer of 
an acoustic instrument will be weaker than useful echo signals, as well as taking 
into account the value of excessive sound attenuation in the surface aerated layer of 
the ocean (see Section 2.1 and Section 6.4). The speed of movement depends on 
the type of vessel and is usually equal to 9-11 knots; it is reduced to 5-8 knots 
during rough weather. 

If possible, a survey lasts 24 hours a day. Limitations in the time of day may 
be connected to the peculiarities of behavior of items under study. For instance, 
many pelagic fish rise to the upper water layers at night and are poorly registered 
by acoustic instruments; surveys of such items are carried out during the day. In 
contrast, bottom items are often studied at nighttime when fish keep separately above 
the bottom and are better registered by acoustic instruments. 

The Choice of Survey Duration 

In planning the duration of multidisciplinary surveys, designers have to make a 
choice between fewer measurements, advantageous from the point of view of the 
value and duration of work, and a large number of measurements, which allow the 
investigation to be accomplished in detail. A compromise is usually made between 
the former, leading to a lower accuracy of the survey results, and the latter, when 
the asynchronous data, because of the long duration of measurements, depreciate 
the results of the survey and lead to an abrupt increase of the value of the work. 

The survey duration depends on the number of vessels allotted for this purpose 
and on the limit of time for their use. The high cost of expedition work does not 
allow for carrying out multidisciplinary surveys of a long duration. As a rule, an 
acoustic survey can last 10-15 days with one or two vessels, depending on the 
importance of the study and the suggested area of work. 

The number of vessels allotted for a survey is determined by dividing the actual 
duration of work by the limit of time, depending on the designed allowable duration 
of the survey. Our investigations show that it is expedient to determine the allowable 
duration of a survey taking into account the nonsimultaneity of measurements, which 
occurs as a result of the variability of fish concentrations and oceanographic pro¬ 
cesses in time and in space. As follows from relation (7.8) ( see Section 7.3), the 
allowable duration of a survey can be tentatively calculated from the following 
formula: 


Lurv Lj.surv^Tish (7.3) 

where e a is the error because of nonsimultaneity of measurements, l surv is the diameter 
of the area of a fisheries region under investigation, and v flsh is the speed of movement 
of fish concentrations. 

For example, if the extension of the region under investigation is equal to 350 
miles and the averaged speed of the concentration movement is 0.3 knots, then the 
survey duration with e = 20% (0.2) is equal to: 
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0.2x350 

t surv = ——- = 233 hours = 9.7 days 

The actual duration of an acoustic survey depends on the suggested general 
length of the path of the designed survey and the speed of vessel movement. If the 
length of transects is taken approximately equal to 1 = 2000 miles and the average 
speed of the vessel movement v surv = 8.0 knots, the actual time for carrying out an 
acoustic survey is: 


•fact = l/v surv = 2000/8 = 250 hours = 10.4 days 

Taking into account the oceanographic and trawling stations, as well as probable 
deterioration of weather conditions, the actual time for conducting a multidisci¬ 
plinary survey is generally increased twofold; i.e., t fact = 20.8 days. 

As a result, the number of vessels allotted for a multidisciplinary survey in our 
case should be 


n = t fac /t surv =20.8/9.7 = 2 vessels 

A detailed survey is planned based on all of the information available on items, 
the region, water medium, and the results of preliminary investigations. Taking into 
account the general tendency to shorten a survey, all passing investigations conducted 
simultaneously, except the controlled fishing, should be reduced to a minimum. 

7.2 SURVEY DATA COLLECTION AND TREATMENT 

As mentioned at the beginning of this chapter, the following characteristics are 
determined during acoustic surveys: the biological composition and the density and 
biomass of fish concentrations, as well as the oceanographic parameters of the 
environment. As a result of carrying out a great number of accounting surveys, 
information on areas and regions is accumulated, and a database is created. The 
treatment of this massive amount of data provides the possibility of dynamically 
studying the variation of the fish distribution and quantity in connection with the 
environmental parameters and the biological condition of items, in order to more 
reliably solve the problems of forecasting commercial resources. 

Determination of Ichthyologic Characteristics 

The composition and the biological state of fish concentrations are determined from 
control catches and fixed in the ichthyologic register. The information on the struc¬ 
ture of commercial concentrations and the fish behavior is obtained from echograms 
of acoustic instruments. Values of the density of fish concentrations and their dis¬ 
tribution are found as a result of integration of echo signals during a survey. These 
data are fixed in the acoustic register; the notes on echograms and integrams are 
made. 
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The species, length, weight, age, and sexual composition of concentrations, as 
well as the maturity, fatness, character of feeding, stomach content, and other 
characteristics are determined from biological samples of catches. In carrying out 
surveys of mixed concentrations, a greater number of controlled catches is required 
than in estimating single species concentrations. 

The length composition of fish concentrations can be determined, without their 
being caught, by readings of the special equipment. It is possible to continuously 
observe the histogram of the length composition of concentrations along the course 
of a vessel on a display screen of the equipment. A histogram allows for judging 
whether large or small fish prevail. A histogram gives information not only about 
the length composition but also on species composition. Abrupt changes of histo¬ 
grams are controlled by trawling catches to verify their correctness. 

The density of concentrations is determined by standard methods. The corre¬ 
sponding treatment of integrated echo signals allows for receiving the area and 
volume densities of concentrations within layers at different depths. The area density 
is used in drawing plane tables and in calculating the biomass. The volume density 
gives an idea of the distribution of concentrations; this is necessary in studying the 
regularities of fish behavior, in estimating the commercial significance of concen¬ 
trations, and for other purposes. 

Information on the structure of commercial concentrations, their depth and 
thickness, are received from echograms of acoustic instruments. Graphs of the 
vertical distribution of the volume density of concentrations are plotted using the 
values of density obtained in different channels of integration. Such graphs are 
mapped regarding various sections of a region under survey and during different 
times of day. 

The values of the area concentration density, obtained from acoustic data, are 
plotted on a plane table.* If mixed concentrations are studied, separate maps regard¬ 
ing each species are drawn. 

Plotting of distribution of concentrations is made by one of two methods: isolines 
of the density or localized areas. According to the method of isolines, the entire 
range of the values of density is divided into several gradations; isolines are drawn, 
representing the borders of the concentration areas with the density attributed to 
each gradation. According to the method of localized areas, the entire region is 
divided into sections (strata) with comparatively uniform structure; in designing 
surveys in traditional regions, for the sake of convenience of the treatment and in 
order to produce the results by seasons and years, it is possible to use equivalent 
squares as strata. 

The application of the instrumental method of estimating the length composition 
of concentrations provides the possibility of plotting plane tables of the distribution 
of the density by size (age) groups of fish. For this purpose, at places of noticeable 
change of the length composition, readings of the percentage relation of the length 
groups are taken; then the length composition is reduced to an age one. The values 
of the concentration density are determined; these values are plotted on the plane 


* Currently, plotting of plane tables of fish concentrations is automated and done with the help of 
computers. 
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table and the isolines of the density distribution for each length or age group are 
drawn. 

With abrupt variations of the spatial distribution of commercial concentration 
at areas of depth overfalls or a junction of currents and so on, gradients of the density 
are determined and their location on a plane table is fixed by special treatment of 
echo signals. The isolation of gradient zones with abrupt jumps in the density is 
important in studies of the impact of oceanographic characteristics of water masses 
on the distribution of concentrations. 

After dividing the plane table of the region under survey by gradations or by 
strata, the number of readings of the density corresponding to each gradation or 
stratum is determined; the average density in each gradation or stratum is calculated. 
The average values of density in combination with isolines of the density or localized 
areas characterize the distribution of concentrations under study within the surveyed 
area. 

The method of isolines gives one the possibility of obtaining a clear picture of 
the distribution with the revelation of centers of the density; if such clarity is 
important (for example, in studying interrelations of the item distribution under 
medium conditions), it is expedient to draw isolines of the density. The method of 
localized areas allows easier automating of the treatment of data; therefore, it is 
preferable when the major aim of a survey is biomass estimation, especially over a 
large area. 

In carrying out surveys of migrating fish, the distribution of concentrations on 
a plane table is distorted. In order to reduce the distribution to the real one, a so-called 
back lying of transects is conducted taking into account the speed of the vessel and 
fish movement (tee Section 7.:i). 

In treating survey data by the method of isolines of the density or localized 
areas, the order of calculating the biomass is the same. The value of biomass of 
concentrations is obtained as a product of the average area concentration density by 
the area of a surface occupied by them. The biomass is calculated regarding each 
gradation or stratum and summed up. In an analogous way, the biomass with respect 
to each age group of fish is calculated. In carrying out surveys of a mixed concen¬ 
tration, the biomass of each species is determined. 

The estimate of biomass is accompanied by the confidence interval; i.e., the 
borders within the limits of which this estimate is confined with a certain degree of 
reliability. In order to determine the confidence interval, the variance of the values 
of measured density is found first; then, the errors of the biomass estimate in each 
gradation of the density and its summary value are found. After this, the confidence 
interval is calculated. 5 ’ 11 The value of the confidence interval, to a certain degree, 
characterizes the quality of a survey. 

Determination of Oceanographic Characteristics 

In determining meteorological, physical, chemical, and biological characteristics of 
water masses, all available sources of information are used: radio translations, maps 
of the weather conditions translated by meteorological services, data of measurement 
made by observers aboard fisheries vessels in the region under survey, and results 
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of the remote location of surface layers of the ocean from planes and satellite 
apparatus. Horizontal schemes and vertical transects of the distribution of various 
characteristics are drawn. 

Radio-transmitted meteorological data by various organizations of the weather 
service, weather maps, and the forecast information are regularly received and 
generalized. The mentioned operative data are augmented by results of one’s own 
meteorological observations; all the information is fixed in the register. 

Operative physical and chemical data are regularly received and generalized. If 
the station of reception of the satellite information is available aboard a vessel, maps 
of the distribution of surface temperature in the ordinary and the infrared ranges are 
obtained. Water temperature of the ocean surface is measured continuously. In 
carrying out oceanographic stations, the temperature and salinity are measured, as 
well as chemical water characteristics at various depths. 

If an electronic measuring complex is available, these measurements are con¬ 
ducted as to the vessel motion. The wave height and the direction and speed of 
currents are also determined. All data are fixed in the register. Horizontal maps and 
vertical graphs of the mentioned characteristics are plotted for the surface and at the 
depths of located fish concentrations. Schemes of the water dynamics are plotted as 
well. 

In carrying out oceanographic stations, plankton is collected with conic nets 
from the surface to depths of 100 m and, when necessary, from greater depths. If 
special towed equipment is available, measurements of biological characteristics in 
the surface layer are conducted from a moving vessel. The plankton is collected by 
planktonic trawl from a moving vessel as well. 

In the course of trawling at various depths and with bottom trawls, plankton is 
collected with the plankton net; samples of the benthos are taken by a drag. All the 
mentioned data are stored in the register. Maps of horizontal and vertical distribution 
of the plankton within the layers of measurement are plotted, first of all, at the depths 
of located fish concentrations. 

The depth and the character of the ground are continuously measured in the 
course of a survey; the color and the water transparency are determined, as well as 
the location of abrupt depth overfalls and underwater heights. Visual observations 
on concentrations of birds, marine mammals, and other phenomena at the water 
surface are carried out. The mentioned information is stored in the register. 

7.3 ACOUSTIC SURVEY ERRORS 

Errors in acoustic survey results can be caused by factors connected to the medium, 
fish behavior and reaction, the quality of the survey design, and other factors. The 
impact of the medium, to a great extent, is determined by weather conditions. Thus, 
the sea roughness strengthens noises and sound attenuation in the surface layer. In 
order to continue a survey during rough weather, it is necessary to reduce the speed 
of the vessel or to change the direction of transects. Heavy weather forces an inter¬ 
ruption of the survey; for this reason, a part of a region can remain uninvestigated. 

Fish behavior affects the reliability of survey results, as the item distribution 
depends on it. When distributed near the surface or the bottom, part of a concentration 
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can be undetected by instruments; this fact leads to underestimation of the density 
and biomass. The reaction of fish avoiding a vessel results in a similar underesti¬ 
mation. Daily vertical migrations and the variation of fish behavior under the impact 
of environmental conditions (illumination, temperature, weather) change the aspect 
of insonification of fish. This circumstance, as well as peculiarities of the biological 
state of the fish (spawning, fattening) can influence the item reflectivity; in using 
data from stationary measurements, it causes errors in estimates of the density and 
biomass. 

As mentioned in Section 7.1 , in designing and carrying out acoustic surveys, it is 
important to take into account the degree of nonuniformity of the random field of the 
concentration density, as the required density of the grid of transects and the unit of 
sampling distance, as well as the method of data treatment, depend on this nonuni¬ 
formity. In addition, the direction and speed of horizontal migrations should be taken 
into consideration in survey design to avoid distorting the item distribution and the 
appearance of a corresponding error in biomass estimation. An additional contribution 
to the error of survey results introduces mistakes because of the asynchronous character 
of measurements and an incorrect choice of the time of initiation of the survey. 

The following types of errors in survey results are differentiated: the bias of the 
biomass estimate and the unbiased error of the distribution of items under study. 

The Bias of the Biomass Estimate 

The bias of the biomass is important in fisheries studies aimed at estimating the 
overall abundance of commercial items. The bias of the biomass estimate is described 
by its relative error. The part of the error connected to the medium of habitation of 
items under study, as well as to the peculiarities of their behavior, cannot be 
practically estimated. The following analytical dependence for the determination of 
the relative error of biomass estimation, taking into account the specifics of 
determining the concentration density in carrying out acoustic surveys, has been 
successfully established 12 : 




(7.4) 


where D is the distance between transects, S is the area of the survey region, v is 
the coefficient of variation of the density values, F(r) is the value of the autocorre¬ 
lation function of the density field at knots of the regular grid, R is the radius of 
autocorrelation, and O -1 !^!) is the back Laplace function by a given confidence 
probability. 

The table of the values tp depending on the confidence probability can be found 
in mathematical reference books (for example. Reference 13). The calculation from 
formula (7.4) shows that, regarding walleye pollack, a[ = 0.15, D = R = 18 miles. 
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With the coefficient of variation v = 3.0, the area of the region S = 10 4 mile 2 , the 
confidence probability is 0.95, tp = 1.96, the relative error of the biomass estimation 
e 0 = 16%. 

The accuracy of the biomass estimation was also determined by the method of 
mathematical simulation with the use of a computer. In simulating the fields of 
density, the following empirical expression was found for determining the relative 
error of the biomass estimation 14 : 



Calculating from formula (7.5) for the same example of walleye pollack, we 
obtain the relative error of the biomass estimation e 0 = 29%. 

It can be seen from the above example that formulas (7.4) and (7.5) do not result 
in a good correspondence of the accuracy of the biomass estimation. For establish¬ 
ment of the limits of applicability of these formulas, their thorough verification on 
various mathematical models of fields of density is required. 

The error of the acoustic method of estimating the density of fish concentrations 
£ m is determined by the quality of the equipment used, the conditions, and the 
character of registration and, in the case of applying the results of the stationary 
measurements of the reflectivity of items under study, by the extent of its having 
been studied. It was mentioned in Section 7.1 that the error of determination of the 
exact time of survey initiation (the maximal fish arrival to the area under survey) 
may result in great errors 8 t (up to 100% and more) in the biomass estimates. By 
carrying out regular fisheries-acoustic surveys before a survey of resources (see 
Chapter 8), this error can be reduced (to 10-20%). 

The error of asynchronous character of measurements e a appears as a result of 
the measured data dissociation in space and time because of the variability of oceanic 
physical and biological processes and the comparatively long duration of a survey 
of resources. As a result of the asynchronous character, points of measurements, 
plotted on the plane table, are shifted relative to their actual positions. This leads to 
the distortion of a field under study on the plane table and, therefore, to an error in 
biomass estimation. 

The shift of the position of measuring points on the plane table because of the 
asynchronous character of observations can be determined from the following rela¬ 
tion: 


A1 = lv p /v vess = t surv v pr (7.6) 

where 1 is the summary length of transects from the survey beginning to the current 
measuring point, v pr is the speed of the process of variability of the measured 
parameter, v vess is the speed of vessel movement along transects of the survey, and 
t surv is the duration of a survey. 

If the directions of v pr and v vess are the same, the plane table is stretched; if they 
are opposite, the plane table is compressed. Therefore, for the purpose of reducing 
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the extension of a survey, and consequently the duration of work, the general survey 
direction should be opposite to the fish movement. 

An example of a plane table of the distribution of commercial concentration is 
given in Figure 7.3; the distortions are connected to the fish movement. The plane 
table of the concentration is built up as a result of an acoustic survey with zigzag 
transects; the general survey direction was opposite to the fish movement. The overall 
length of transects is 1 = 1250 miles; the speed of the vessel is v vess = 8.0 knots; the 
survey duration is t surv = 1250/8 = 156 hours = 6.5 days; and the speed of fish motion 
is v fish = 0.4 knots. 

The real dimensions of the fish concentration are established on the plane table 
by the method of back lying of transects. For this purpose, with the help of the 
above-mentioned relation (7.6), the shift of the points of the turn of transects is 
determined. Plotting the points of the shift on the plane table and connecting them 
with the lines, the shifted transects are received. 



FIGURE 7.3 Scheme of the back lying of transects and determining the real contour of a 
commercial concentration (solid lines indicate the corrected transects and the real contour of 
the concentration; dashed lines show the actual transects and the measured contour of the 
concentration). 
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The calculation shows that the area of commercial concentration, obtained as a 
result of the survey, is 30% smaller than the actual one. This means that, because 
of the distortions on the plane table, the calculated value of the biomass will also 
be approximately 30% underestimated. It should, however, be noted that the value 
of the biomass may differ even more strongly from the actual one with a redistri¬ 
bution of the density field, which is possible during the survey. 

Plane tables of the distribution of oceanographic characteristics because of the 
motion of water masses under the impact of currents are disturbed analogously. It 
is natural that the incompatibility of measured fields of fish concentrations and 
oceanographic elements owing to the lack of correspondence of their location and 
shape on a plane table to the actual space distribution, to a great extent, hampers 
the use of the results for studying relationships. 

The error caused by the asynchronous character of observations can be estimated 
in a simplified way if the shift in the position of measuring points (Al) is taken 
proportional to the extension of fields under study (l s ) on a plane table. Then the 
error can be determined from the following relation: 

e a = Al/I s (7.7) 

Substituting formula (7.6) into this relation, we obtain the following expression 
for determining the error: 

£ a = tsurvVflsA (7.8) 

It follows from expression (7.8) that a knowledge of the general direction and 
the average speed of fish movement makes it possible to partially compensate for 
the error £ a , introducing into an estimate the corresponding correction. Average 
values of the speed and direction of fish movement are determined from recordings 
of sonar and an echo sounder on a vessel at rest, as well as from the results of 
measurements made with the help of split-beam acoustic equipment. Mechanical or 
Doppler measurers determine currents. 

Using formula (7.8), let us determine the error e a regarding the estimation of 
commercial resources of walleye pollack of the Far East in the region under survey. 
The extension of the region l s = 500 miles, the speed of the concentration motion 

v fish = 0-3 knots. The duration of the survey of the water area t surv = 7.0 days (168 

hours). Then 


£ a = 


168x0.3 

500 


= 0.10 


As various components of the error can be considered independent, the formula 
for the resulting error of the biomass estimate can be expressed as follows: 


.-4 


£o + £m + £? + £ a 


(7.9) 
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In the considered case of walleye pollack of the Far East, e o = 0.16 and e a = 
0.10. We will take the error of the acoustic method of the biomass estimation to be 
equal to 0.20. Let us also consider that, because of inaccurate determination of the 
time of mass fish arrival to the region, the error of the survey initiation e t = 0.10. Then 



Survey experience shows that, in conducting regular investigations of the same 
commercial regions, using identical methods and means, the error of biomass esti¬ 
mates considerably decreases. Regarding surveys carried out for the needs of fish¬ 
eries, the results received allow for choosing the distance between transects based 
on the given value of a bias of the biomass estimates. 

It was mentioned in Section 7.1 that, if the item distribution is unknown or has 
been only slightly studied, a preliminary survey is carried out first; then, on the basis 
of the data received, a detailed survey is conducted. Determination of statistical 
characteristics of fields of the concentration density will allow, based on formulas 
(7.4)—(7.9), for operatively correcting the distance between transects during the 
course of an acoustic survey and, thus, refusing completely the study of a region by 
two steps. Preliminary works have shown that such a tactic is quite possible. 15 

Unbiased Error of the Item Distribution 

Since acoustic surveys began to be used for ecological purposes (see, for example, 
References 16-20), it is often necessary to estimate interrelationships in the orga¬ 
nization of populations. Therefore, an analysis was carried out of the efficiency of 
various survey patterns without considering the bias (References 7, 8, 21-25).* 

The parameters of a reconstructed held and of that originally generated were 
compared by the method of mathematical simulation. Fish and zooplankton distri¬ 
butions in Lake Kinneret (Israel) were used as prototypes in simulating patchy fields. 
An unbiased reconstruction of the held was considered; the coefficient of determi¬ 
nation between the reconstructed held and its original was used as a measure of the 
survey quality. 

The mathematical model is based on the approach described in Kizner et al. 26 
and Zaripov et al. 27 The surveyed area is a rectangular array of numbers making up 
a square matrix. Each number represents the value of a held in an elementary area 
(node). To simulate a distribution held, patches are generated and placed into the 
surveyed area. Outside patches, the held variable is zero or a constant background. 
Inside a patch the variable increases from the outer border towards the center 
according to a law obtained by analyzing data from real acoustic micro surveys. 28 

Patches may be circular (nondirectional) or elliptical (directional), with various 
sizes and spatial orientation, and separate or overlapping (partially or fully), forming 
larger patches with more complicated shapes. Patches are either immovable (static) 
or movable (dynamic); moving patches have a realistic shape like a comet. 29 Random 


* Reprinted with permission from Elsevier Science and Springer Science and Business Media. 
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fluctuations in density can be superimposed on the simulated patchy field. As a 
characteristic of a field, its autocorrelation radius in various directions is used; R 
and R p are the autocorrelation radii in the direction of a survey and in the perpen¬ 
dicular direction, respectively. 

A resulting (constructed) patchy distribution field is then sampled by simulating 
an acoustic survey. We distinguish the general direction of a survey and the survey 
path. The survey direction coincides either with the abscissa or ordinate axis. The 
survey path, with an overall length 1, is formed by transects disposed as parallel 
lines or a zigzag. 

Transects as parallel lines are disposed perpendicularly to the general survey 
direction. Thus, the overall survey path in this case consists of parallel transects and 
connecting tracks perpendicular to transects. The distances between parallel transects 
are regular and equal to the length of connecting tracks (D). A zigzag is characterized 
by the shift between neighboring parallel transects in the general survey direction. 
The shift is a move of a survey when passing from one transect to another. The shift 
between neighboring parallel transects is regular and twice as large as the distance 
between corresponding parallel transects. Half a shift between neighboring parallel 
transects will later be designated as a distance between zigzag transects (D). 

Along transects, a unit of sampling distance can be set. This distance is the 
length of a transect over which the values of a held are integrated and averaged to 
receive one sample. In the model, the sampling distance unit (d) is equal to a specific 
part of the transect length. Later, 1, D, and R are given in proportion to the size of 
the square representing a surveyed area, and d in proportion to the transect size. 

The values of a held along the survey path over each sampling distance are 
considered to be measured without error and are used to reconstruct a held. The 
reconstructed held again consists of the full set of nodes of the array representing 
the surveyed area. The corresponding values of the reconstructed held and of that 
originally generated are then compared for all nodes. Their adequacy is evaluated 
by the coefficient of determination representing the square of the standard Pearson 
correlation coefficient (r). 30 

If the efficiencies of both survey patterns are compared under the assumption 
of Hxed transect spacing, it means that the numbers of parallel or zigzag transects 
are equal to each other. However, as the length of a zigzag transect is always smaller 
than that of a parallel transect plus connecting track, the sampling efforts (the overall 
survey path or, in other words, the time for conducting a survey) for both patterns 
are not the same. Therefore, the efficiencies are often compared under the assumption 
of a hxed sampling effort, when the overall survey paths for both patterns are equal 
to each other. In this case, a greater number of zigzag transects compared to parallel 
ones may be carried out. As a result, the adequacy of reconstructing a held from 
data of a zigzag survey is expected to increase; determination of the extent of this 
increase is one of the objectives of our study. 

The efficiencies of the surveys by parallel and zigzag patterns under both 
assumptions are considered on Figure 7.4 and Figure 7.5. An original circular static 
distribution held is shown in Figure 7.4, top panel. The autocorrelation radius for 
the held is equal to R = 0.15. The distribution helds, reconstructed under the 
assumption of hxed transect spacing, are shown in the bottom panel (left and middle 
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FIGURE 7.4 An example of an immovable circular field. Top: original field; Bottom: paths 
of the simulated surveys and the reconstructed fields. Initially published in Kalikhman, I.L., 
Patchy distribution fields: Acoustic survey design and reconstruction adequacy, in Environ¬ 
mental Monitoring , Wiersma, G.B., Ed., CRC Press, Boca Raton, 465, 2004. With permission. 

positions). To receive an objective comparison of the results of the surveys by zigzag 
and parallel patterns, not only the transect spacing is taken to be equal (D = 0.4), 
but also their locations (each parallel transect crosses the point where the middle of 
a corresponding zigzag transect is situated). A comparison shows that the zigzag 
pattern leads to poorer results than the parallel pattern does (r 2 = 0.52 and r 2 = 0.66). 
Later, the parallel and zigzag patterns (middle and right position) are taken under 
the assumption that a fixed sampling effort is allocated to both surveys (the overall 
survey paths for both patterns 1 = 4.0). A comparison of the results shows that, in 
this case, the survey by parallel transects allows one to reconstruct the original field 
with lower adequacy than does the survey by zigzag transects: r 2 = 0.66 and r 2 = 
0.72. Now, let us consider the reconstruction of the dynamic distribution field with 
the following conditions (Figure 7.5): all of the patches move from right to left, 
uniformly and rectilinearly; simulated surveys by parallel or zigzag transects are 
undertaken in the direction opposite relative to that of the patch movement; the speed 
of the patch movement is 0.7 of that of the survey; the unit of sampling distance d 
= 1/7. In the left and middle columns, both surveys are shown simultaneously; to 
simplify the figure, the unit of sampling distance is not shown. The reconstructed 
field is compared with the average original one, which is given in the right column, 
first row. A situation that may be described by the Doppler effect occurs when the 
survey and the patches move in opposite directions (right column, second through 
fourth rows); the Doppler effect is also observed when the survey and the patches 
move in the same direction. As seen in the figure, the results, with regard to dynamic 
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distribution fields, are exactly the same as they are with respect to static fields. The 
assumption of fixed transect spacing leads us to the following results: r 2 = 0.55 
(zigzag pattern), r 2 = 0.64 (parallel one); the assumption of fixed sampling effort, r 2 
= 0.64 (parallel pattern), r 2 = 0.66 (zigzag one). 

As a result of a great number of numerical experiments, we arrive at the following 
conclusions. 25 In application to circular patches, the direction of an acoustic survey 
is not important; in the case of elliptical ones, the optimal survey direction coincides 
with the direction of the patch elongation. A patchy field can be reconstructed 
properly (r 2 > 0.7) if D/R < 1.5-2.0 (regarding a parallel pattern) or D/R < 1.0-1.5 
(in respect to a zigzag one) and d/R p < 1.0—1.5. To some extent, it is possible to 
compensate the change in the adequacy of the reconstruction of a patchy distribution 
field by an increase in the distance between transects and a corresponding decrease 
in the sampling distance unit, and vice versa. Practically, it is expedient to carry out 
a survey with a larger distance between transects and smaller unit of sampling 
distance. 

If the transect spacing is fixed, the parallel pattern allows (with great probability) 
for more adequate reconstruction of an original distribution field (in cases of both 
immovable and movable fields) than the zigzag pattern does. In contrast, if a fixed 
sampling effort is allocated to a survey, the parallel pattern allows (with great 
probability) for less adequate reconstruction of an original distribution field (in cases 
of both immovable and movable fields) than the zigzag pattern does. 

Regarding surveys, carried out for ecological needs (see Section 8.4), the results 
received allow for choosing the distance between transects and the unit of sampling 
distance on the basis of the given value of an autocorrelation radius for fields of 
density of commercial concentrations. 

7.4 ACOUSTIC SURVEY PRACTICE AND PERSPECTIVES 

Until recently, the estimation and control of biological resources in commercial 
regions was accomplished only with regard to the main species of fish. With the 
impact of fisheries on the multispecies community, the control of the one species 
does not allow revealing the mechanism of interspecies relationships and does not 
provide a complete picture about the real state and perspectives of exploitation of 
the entire stock. To ensure more precise regulation of fisheries, the control of the 
state of resources is required, not only with respect to the main species, but also 
with regard to the other species of the ecosystem. 

A fisheries ecological system (ecosystem) is the entirety of biological items, 
functioning together and interacting with the abiotic environmental medium. A 
fisheries ecosystem, including a large quantity of various species of animals and 
plants, together with the processes occurring within it, represents, as it were, a single 
complex organism. 

Under normal conditions, an ecosystem is in a stable equilibrium with strongly 
pronounced interrelationships between species. Abrupt changes of natural conditions 
may force the system out of its equilibrium. In this case, usual interrelationships 
between species break down; some species receive an advantage in the use of food 
sources of the system and begin developing faster than others. With time, when 
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FIGURE 7.5 An example of a movable elliptic field. Left and middle columns: the sequence 
of positions of the field and the surveys at the same moments of time (left column: the transect 
spacing is fixed; middle column: the fixed sampling effort is allocated to the survey). Right 
column, first row: the average original field. The fields are reconstructed from the results of 
the surveys under the assumption of fixed transect spacing (second and third rows) or fixed 
sampling effort allocated to the survey (third and fourth rows). Small arrows indicate the 
direction of the patch movement, large arrows indicate the directions of the surveys. Initially 
published in Kalikhman, I.L.. Patchy distribution fields: Acoustic survey design and recon¬ 
struction adequacy, in Environmental Monitoring , Wiersma, G.B., Ed., CRC Press, Boca 
Raton, 465, 2004. With permission. 

natural conditions become normal, such an imbalance is recovered from by the 
ecosystem itself. 

Another case is when one or several species of the ecosystem are strongly 
affected by fisheries. Then, species not subjected to the fisheries receive favorable 
conditions for a rapid growth, as they are ensured free access to a food source of 
the ecosystem. In those cases, the press of fisheries, in combination with anomalous 
natural conditions, may abruptly break the stability of the ecosystem and lead to 
irreversible consequences, to a substitution of one species by another and, in the 
end, to a degradation of the whole system.* The ecosystem may jump to a lower 
level of structure and organization, when the species exploited by fisheries can no 
longer exist. 

The exploitation by fisheries of stocks of the north basin is an example of a rough 
violation of ecological equilibrium. It leads to a misbalance of the ecosystems of the 
Norwegian and Barents Seas. The point is that the imperfect forecast of the fisheries 
withdrawal of the main fish species over many years promoted their intensive fishing. 
In the end, this resulted in the abrupt fall of the stocks of fish, shrimps, marine 
mammals, and colonial birds of these regions. 

As another example, intensive fisheries of Atlantic-Scandinavian herring can be 
cited. In its time, the fisheries reduced the stock of this fish to such an extent that 
the authorities had to introduce a prohibition on its fishing for many years. Intensive 
fisheries of the Barents Sea cod also impacted fatally on its stock. As a result of 
decreasing the stock of cod, an abrupt burst in the quantity of capelin occurred. This 
was a reaction of the ecosystem to the reduction of pressure of the main predator, 
the cod. And again, irrational fisheries practically destroyed the large stocks of 
capelin within several years. 

As shown by biological investigations, the major role in the abrupt decrease of 
the stocks of capelin and herring was played by the cod as predator, which consumed 
these fish in large quantities. This factor was not taken account when forecasting 
the commercial withdrawal of capelin and herring. The decrease of population 
proliferation, pollutions of the water medium, and other factors were never taken 
into consideration when forecasting. An analogous situation, connected to a 
breakdown in the equilibrium of a commercial ecosystem, took place in the Far East 
basin in connection with an abrupt decrease in the stock of pollack. The conditions 


* At this time, the pollution of the habitation medium of biological items begins to affect the stability 
and reliability of the functioning of ecosystems in many regions. 
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of life for many species of marine items, to a great degree, depend on the quantity 
of pollack. 

In order not to allow repetition of the mentioned phenomena, at present, acoustic 
surveys of biological resources are carried out regularly in nearly all of the main 
commercial regions of the World Ocean, including internal waters. Works aimed at 
the estimation of the zooplankton biomass by the acoustic method are conducted 
(References 31 and 32).* 

In connection to establishing 200-mile oceanic fisheries zones, surveys of a 
commercial region carried out by the joint efforts of various countries find ever¬ 
growing application. Biological resources in fisheries regions cannot be divided 
because of the migration of items from one zone to another; therefore, the protection 
of stocks is a task common to all interested countries. International surveys of blue 
whiting and capelin in the North Atlantic, sprat in the Baltic Sea, fish of the “0-group” 
in the Barents Sea, and so on, are regularly carried out.** The results of estimating 
the distribution, abundance, and biomass, based on such surveys, and taking into 
account age and maturity as well as biostatistical indices, provide the possibility to 
judge the yield of separate generations and the spawning stock, to forecast the state 
of biological resources and to specify an allowable catch. 

These surveys began in the north basin. For example, the distribution of the area 
density of 2-, 3-, and 4-year-old capelin in the Barents Sea is shown in Figure 7.6. 
The map was drawn on the basis of a survey carried out in the fall of 1984. 33 The 
survey showed that the main part of the stock (about 90%) constituted two- and 
three-year-old fish; the juvenile group (young fish) was sparse. Several large-scale 
trawling-acoustic surveys of the main commercial species of fish of the Barents Sea 
(cod, haddock, perch, and so on) were carried out within the period of their fattening. 
Soviet and Norwegian research vessels participated in the surveys. However, the 
results of the rather lengthy investigations did not prove to be entirely correct, in 
spite of the great expense: it was impossible to accurately estimate the quantity and 
biomass of commercial species because of the acoustical masking of fish readings 
near the bottom. 

The surveys of Antarctic krill, within the framework of the international pro¬ 
grams, were of an especially large scale. The enormous regions of Antarctic Ocean, 
encompassed by the acoustic survey by the “Fibex” program (1980-1981), are shown 
in Figure 7.7. Vessels of Argentina, Australia, Chile, France, West Germany, Japan, 
Poland, South Africa, the United States, and the USSR participated in this survey. 
The scientific vessel Odissey took part from the USSR; one of the authors was the 
survey leader. As a result of the survey, a possibility of detecting dispersed krill by 
acoustic instruments was found; 34 the krill distribution was established and their 
biomass was estimated. 

In comparatively small lakes, where populations may have more distinctive 
shapes and can be studied synoptically, conditions for the analysis of 


* Estimation of zooplankton is earned out with the help of towed or extended transducers, operating at 
frequencies within a range of 0.1 to 10 mHz. Equipment with a very high resolution is used to measure 
the target strength of plankton. 

** Fish no older than one year are understood to make up the “0-group.” 


© 2006 by Taylor & Francis Group, LLC 



Acoustic Surveys of Commercial Resources 


173 




>100 

70-100 

50-70 

30-50 

10-30 

0-10 


FIGURE 7.6 Distribution of area density of various ages of capelin in the Barents Sea from 
the results of the survey carried out in the fall of 1984. Top left: 2-year-old fish; Top right: 
3-year-old fish; Bottom left: 4-year-old fish; Bottom right: overall density of all the mentioned 
groups. In the legend, the area density of capelin is indicated in tons/mile 2 . 

cause-and-effect links are more favorable than those in the open sea. In Lake 
Kinneret (Israel), a multidisciplinary survey program was established for this 
purpose, combining acoustic surveys of fish concentrations and concurrent lim¬ 
nological sampling at stations. Areas of contact, mutual penetration, and mixing 
of water masses with substantially different patterns, accompanied by various 
physical phenomena, are characterized by frontal zones where gradients are high. 
The survey, carried out on 25 December 1990, provided us with a possibility of 
observing such frontal zones in the eastern and the southern parts of the lake 
(Figure 7.8). They are likely to be areas rich in plankton and fish and, in reality, 
zooplankton and fish concentrated in these regions (Reference 4).* However, 
zooplankton density was low in the area where the fish density was maximal. 
Apparently, the process of fish predation dominated the factors causing aggregation 
of zooplankton in frontal zones. This example demonstrates the great potential of 
acoustic surveys in internal waters regarding the evaluation of the factors under¬ 
lying the organization of the natural world. The results obtained were used for 
elaborating a method of identification of correlation zones for aquatic ecosystem 
component distributions. 35-37 

An objective estimation of the state of biological resources in a region under 
investigation, according to our opinion, is possible when surveys regarding various 
species are carried out during the most favorable periods. Within the period chosen 


* Reprinted with permission from Blackwell Science. 
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FIGURE 7.7 Scheme of location of regions of the acoustic surveys carried out within the 
framework of the program “Fibex.” 

for a survey, species under study should have a comparatively stable distribution 
and behavior; the main part of concentrations in the course of the survey should 
keep to a limited water area, separated from the bottom. To estimate fish food 
interrelations within the period of fattening, it is expedient to determine the degree 
of one species being eaten by another. 

For conserving resources of the main commercial species of the regional eco¬ 
system at a satisfactory level, not only their estimation and control are required but 
also the correct regulation of commercial withdrawal taking into account the inter¬ 
species and between-species fish interaction, competition, predation, cannibalism, 
and other factors. It is known that fish-predators often eat fish-prey in significantly 
greater quantities than those withdrawn by fisheries. Therefore, the correct regulation 
of a commercial withdrawal of main fish species is very important for the rational 
exploitation of the resources of a region. 

Using preliminary studies, biologists try to balance the values of allowable 
withdrawal of the main fish species. Unfortunately, the criterion for withdrawal, 
ensuring a stable ecological equilibrium of commercial resources, has not yet been 
elaborated because of the complicity of accounting for the summary impact of 
various factors. With the poor level of study of the impact of natural conditions, 
food sources, and feeding interrelations on fish stocks, orienting fisheries towards a 
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Temperature Oxygen 



FIGURE 7.8 Lake Kinneret (Israel), 25 December 1990. Distribution of the following 
parameters: Top left: water temperature at the surface (from 18.8 to 19.1°C); Top right: 
dissolved oxygen concentration at the surface (from 6.8 to 8.4 mg L 1 ) (vectors indicate the 
absolute value and direction of the horizontal gradient of water temperature and dissolved 
oxygen concentration); Bottom left: zooplankton density (pg/L 1 ) at a representative depth of 
2.0 m; Bottom right: area fish density (thousands specimens/ha). Kalikhman, I.. Walline, P., 
and Gophen. M., Simultaneous patterns of temperature, oxygen, zooplankton and fish distri¬ 
bution in Lake Kinneret, Israel, Freshwater Biology, 28, 337, 1992. With permission. 


maximal allowable withdrawal is still risky, taking into consideration the strained 
state of commercial resources. Underestimation of the negative impact of even one 
of the main factors can result in an unpredictable breach in the equilibrium of the 
commercial ecosystem of a region. 

A rational ecosystem regulation of commercial withdrawal of biological 
resources, ensuring the optimal relation of main fish species of a region, will become 
possible only after in-depth study of the impact of oceanographic factors on the 
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distribution, quantity, and biomass. Because of the great spatial and temporal vari¬ 
ability of natural conditions and their impact on commercial resources, the detailed 
study of interrelations must be accomplished dynamically. In this sense, carrying 
out regular fisheries-acoustic surveys and accompanying oceanographic and trawling 
stations looks very promising (see Chapter 8). 

At present, the preservation of biological resources and rehabilitation of seriously 
undermined by fisheries populations in the main oceanic regions is a more important 
task than the search for new commercial regions and items. If we take into account 
that the detection of new commercial regions becomes less probable from year to 
year, and expenses for their search increase, it must be clear that search works will 
gradually be extinguished. 

In the near future, when all commercial regions will have been discovered and 
completely mastered, the estimation, control, and regulation of biological resources 
will assume an even greater importance. For this reason, the information and com¬ 
puting equipment discussed herein are now for use not only on scientific but also 
on commercial vessels. It is possible to predict that, in the not- too- distant future, 
a sustainable commercial fisheries will be unthinkable without using the integrating 
and other, more sophisticated, information and computing techniques for estimation 
of the biomass of commercial populations. 

Wide use of equipment for determining the density and commercial signifi¬ 
cance on fishing vessels will allow for solving the problem of the estimation and 
control of biological resources of the World Ocean in a new way. Receiving data 
on the density of concentrations at locations of a commercial fleet, and translating 
these data from fisheries vessels to a waterside computing center, will make it 
possible to obtain a synchronous picture of the distribution and biomass of con¬ 
centrations within a commercial region without carrying out expensive acoustical 
surveys; the permanent control and estimation of biological resources will become 
possible on a global scale. 

7.5 ECONOMIC EFFICIENCY OF SURVEYS 

Questions of estimating the economic efficiency of acoustic surveys are considered 
in the study by Kalikhman et al. 38 In estimating the economical efficiency (EF) of 
an acoustic survey, it is necessary to determine the difference between two factors: 
the economic return (ER) from the use of information gained as a result of the survey 
being conducted versus the expenses (EE) required to conduct the survey; i.e., 

EF = ER - EE (7.10) 

The calculation of the economic return usually offers the main difficulty in 
estimating survey efficiency. Depending on survey aims, the approach to determi¬ 
nation of the value ER can vary. One of the fixing requirements in designing a local 
search (see Section 3.2) or surveys of fishing conditions (see Section 8.2) is the 
allowable probability of detection of commercial concentrations, while, for acoustic 
surveys of resources (see Section 7.2 ), this becomes the error in the estimate of a 
concentration. 
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A Local Search 

In this case, the economic return is characterized by the efficiency of operations of 
the commercial vessel on detected concentrations. This means that the value ER is 
the profit from fisheries of concentrations, which can be elucidated during the course 
of the search; i.e., 


ER = P 1 (pY f -Y 0 ) (7.11) 

where P! is the profit per one ton of marine production, $/ton; p is the probability 
of detecting concentrations with the forecasted commercial significance; Y f is the 
forecasted catch of recently detected concentrations, ton; and Y 0 is the catch before 
detecting new concentrations, ton. 

When designing a search operation, the probability of detection (p) of commer¬ 
cial concentrations is usually taken to be no less than 0.9 (see Section 3.2). The 
assumed catch Y f is determined by a priori data of dimensions and of the commercial 
significance of concentrations. The values Pj and Y 0 can be estimated on the basis 
of the results of fisheries. 

Expenses for carrying out a local search are connected with the cost of exploi¬ 
tation of a vessel under use. When working in a certain region with a given surveyed 
area, the value of expenses is proportional to the overall length of transects and 
passages, the cost of vessels used, and their allowable cruising speed. 

The expression for calculating forecasted expenses for carrying out a local search 
regarding a parallel survey pattern has the following form: 

EE = C| (1 + k) (I + L) (7.12) 

V 

Y vess 

where Cj is the cost of exploitation of a vessel per one day, v vess is the cruising speed 
of a vessel, k is the coefficient accounting for time expenses of a force majeure, 1 
is the overall length of transects, and L is the summary length of passages. 

The cost of vessel exploitation Cj depends upon its type. The allowable speed 
v vess depends upon the weather. Under bad weather conditions, a survey is broken 
off. Time expenses for a force majeure constitute a certain part of the duration of 
the search works, dependent upon the weather. The value of the overall length of 
transects 1 is closely connected with the configuration and dimensions of forecasted 
concentrations. The extension of passages L depends on the remoteness of a survey 
from the base of vessels. 

Substituting (7.11) and (7.12) into (7.10), we obtain the following relation: 

EF = Pi(pY f - Y 0 ) - C| (1 + k) (I + L) (7.13) 

V vpcc 
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Using relation (7.13), it is possible to tentatively determine the expected eco¬ 
nomic efficiency of the designed search operations. 

Comparatively precise calculations of the economic efficiency are only possible 
when designing search operations within a traditional region, if the probability of 
detecting commercial concentrations is high enough and if the area of a region under 
study, dimensions of concentrations, their commercial significance, the species and 
length composition, and the profit per ton of marine production are known a priori. 
A rougher estimation of the economi efficiency can be made in designing search 
operations during anomalous years, when the fish distribution is known only in 
general terms. 

Surveys of Fishing Conditions 

The principles considered for calculating the economic efficiency can be analogously 
spread to surveys of fishing conditions. The economical return ER, regarding surveys 
of fishing conditions, is determined by the use, by commercial fleet, of short duration 
forecasts and recommendations of a research vessel, carrying out fisheries-acoustic 
investigations. The value ER is calculated as the difference between the catch by 
commercial vessels on forecast concentrations and the catch in the case when a 
forecast is absent; i.e., 


ER = P,(Y f -Y 0 ) (7.14) 

where Y f and Y 0 is the catch on forecast concentrations and with an absence of a 
forecast, respectively. 

Expenses on carrying out surveys of fishing conditions depend on the cost of 
exploiting a research vessel; they are calculated as 

EE = C,(t s + t, + t k ) (7.15) 

where Q is the average cost of exploiting a research vessel per day, t s is the duration 
of surveys, oceanographic stations, control fishing and other works during the expe¬ 
dition, t L is the duration of passages, and t k is the expenses of the time for a force 
majeure. 

Substituting (7.14) and (7.15) into (7.10), we obtain the following relation: 

EF = P,(Y f - Y 0 ) - C,(t s + t L + t k ) (7.16) 

Using relation (7.16), it is possible to tentatively estimate the economic efficiency 
of surveys of fishing conditions. 

Surveys of Resources 

The economic efficiency derived from the increased accuracy of the estimation of 
biological resources by the acoustic method must become even more significant. 
The low accuracy leads to an erroneous determination of the commercial withdrawal. 
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This error may produce an estimate either higher or lower than the real value of an 
allowable catch, which may result, after all, in an under-catch or over-catch with all 
of the subsequent consequences. It only becomes possible to determine the degree 
of the influence of an under- or over-catch on the value of the stock in the following 
years based on expert estimates. 

It is known that a stock overestimation leads to greater losses than an equal 
underestimation; therefore, the following consideration is made regarding an over¬ 
estimation. Many years of exploitation of the same fish populations are typical for 
modern fisheries; therefore, it is suggested to estimate expenses and, hence, the 
ultimate economic efficiency taking into account the remote consequences of design¬ 
ing upon a number of future years. Let us consider that the commercial stock and 
the quantity of a spawning shoal decrease as a result of an over-catch during the 
period approximately equal to the average duration of the fish life. Let us also assume 
that the degree of decreasing a summary catch in years to come is proportional to 
the extent of an over-catch in the present year. 

Based on these assumptions, we obtain the following expression for calculating 
the yearly expenses with an overestimation of the stock 38 : 


EL = WKPj 


t-ti(l + e) 


t-t, 
1 + 8 


(7.17) 


where W is the stock, K is the coefficient of commercial withdrawal, ?! is the profit 
per ton of marine production, t is the average duration of the fish life, is the time 
equal to one year, and 8 is the error as a part of one. 

The use of acoustic information instead of biocommercial data allows for 
increasing the accuracy of determining the total allowable catch and decreasing 
expenses only if the acoustic information is more accurate than the biocommercial 
one. Such a situation can take place, in particular, regarding pelagic fish with a 
profoundly studied distribution and behavior, as well as fish with a short life cycle. 
The formula for calculating a yearly economic return has the following look: 


ER = WKL*! 


t-t, 

1 + £ bias 


t~t! 
1 + 8 b 




(7.18) 


where 8 bias and e b are the errors of the acoustic and biocommercial estimates of the 
stock, respectively. 

The reliability of the biocommercial information depends on the degree of study 
of items: estimates of stocks of fish with a long life cycle, for which the quantity 
of the most abundant age groups can be determined by commercial data, are usually 
more accurate than estimates of stocks of fish with a short life cycle, for which the 
main and the least-studied part of the population forms the young recruitment. 
According to expert opinion, the errors of stocks of fish with a long life cycle are 
usually not greater than 30-60% and more, while the errors of stocks of fish with 
a short life cycle, as a rule, do not exceed 50-100% (opinion of experts of VNIRO, 
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personal communication). Later on it is assumed that, regarding the population on 
which an acoustic survey is designed, the error in biocommercial estimate of the 
stock £ b is known. 

As shown in the previous section, the expression for the resulting error of 
acoustic estimates of the stock can be presented in the following form: 

£bias = V e o +£ m +e t +£ a = t/( DV ) 4 ^ +£„+£?+ 5 (7-19) 

In accordance with formula (7.19), the error of an acoustic estimate depends on 
the distance between transects; therefore, the degree of decrease of losses, inflicted 
by errors of design, is also a function of this distance. 

It follows from expressions (7.17) and (7.18) that the value of the economic 
efficiency, received as a result of carrying out one survey, is determined from the 
formula 


EF = WKPj 


t-L 

1 + £ bias 


t-t, 

l + £ b 


+ ti 



-7- (1 + k) (1 + L) (7.20) 

v 

¥ vess 


where £ bias is calculated from expression (7.19). 

Relation (7.19) expresses the expected economic efficiency of an acoustic 
survey designed due to decreasing losses connected to insufficient accuracy of 
the information received on commercial resources in a region of work. It follows 
from this relation that, by increasing the volume of a survey, the decrease of such 
losses can be considerable. However, this makes sense only in the case when the 
increased survey cost is compensated for by an expected decrease of economic 
losses (EL) because of the overestimation of the stock. The distance between 
transects, with which the expected economic efficiency is maximal, is optimal 
and should be taken as a basis for designing the grid of transects of an acoustic 
survey. 

Let us consider the results of calculation of economic expenses EE, return 
ER, and efficiency EF of an acoustic survey depending on the distance between 
transects on the example of the Arctic-Norwegian cod population. The average 
duration of the life of cod is t = 15 years. The area of the region under study is 
S = 70,000 miles 2 . The coefficient of variation of density values is V = 3.0. The 
error of the acoustic method of the density estimation is £ m = 30%. The error 
because of the incorrect choice of initiation of the survey is £ t = 10%. The error 
of the asynchronous character of measurements is £ = 20%. The error of bio¬ 
commercial estimates of the stock is £ b = 60 %. The stock is W = 2.0 million 
tons. The coefficient of commercial withdrawal is K = 20%. The profit per ton 
of marine production is P, = $80/ton. The extension of passages from the vessel 
base to the survey region and back is L = 400 miles. The cruising speed of the 
vessel is v vess = 8.0 knots. The coefficient taking into account the time expenses 
for a force majeure is k = 10%. The cost of exploitation of a vessel per day is 
Cj = $7000/day. 
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FIGURE 7.9 Dependence of economic indices of the acoustic survey on the distance between 
transects. 

Calculated for this example, the graphs of dependences of EE, ER, and EF 
on the distance between transect are given in Figure 7.9. It follows from the 
graphs that with decreasing the distance between transects to D = 20 miles, the 
economic efficiency of a survey of the cod population increases to the maximal 
value of EF = $14.6 million. In this case, the expenses for carrying out a survey 
are EE = $4.0 million and the economic return is ER = $18.4 million. With a 
further condensation of the grid of transects, the value of economic efficiency 
falls to negative values, when carrying out an acoustic survey would be unjustified. 
It is seen from the figure that a survey is only justified under the condition that 
3.0 < D < 46 miles. 

It should be noted that the method considered for calculating the economic 
efficiency of an acoustic survey is a first attempt at elaborating the solution of this 
problem.* It is understood that experts’ estimates of the accuracy of biocommercial 
data and of the influence of the degree of over-catch on the value of catch in years 
to come only allow for arriving at very tentative economic estimates. 


* Analogously, it is possible to solve the problem of estimating the economic efficiency of fisheries-acous- 
tic surveys, which are considered in the next chapter. 
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For detailed elaboration and development of the method of estimating the eco¬ 
nomic efficiency of surveys, it is necessary to improve the methods of determining 
the biocommercial estimation of the stock and to discover quantitative dependences 
of the impact of fisheries and environmental conditions on the value of the subsequent 
commercial stock and the general allowable catch. In addition, it is necessary to 
accomplish the complex of investigations, which will allow for connecting the 
problem of conservation of biological resources with economic parameters of the 
productivity of a fisheries fleet. 
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Q Fisheries-Acoustic 
Surveys 


Under modem conditions, expensive acoustic surveys for the control of biological 
resources are carried out, first of all, in international regions. Acoustic surveys in 
international regions are usually conducted as joint efforts by experts from different 
countries on several research vessels according to the standard method. Acoustic 
surveys are also undertaken in national commercial zones in separate cases, for 
instance, in anomalous years when the ordinary life cycle of commercial fish has 
been broken under a very strained, close to critical, state of the stocks. 

For regularly controlling resources of main commercial items in national waters, 
it is necessary to carry out a great number of accounting surveys. It is clear that 
conducting numerous acoustic surveys is unrealistic because of their high cost. A 
solution to this problem is possible through applying so-called fisheries-acoustic 
surveys . 1 

It will be shown in the present chapter that the high profit and operability of 
regular fisheries-acoustic surveys provides the possibility of not only quickly esti¬ 
mating resources and fishing conditions in places of operation of a commercial fleet, 
but also of carrying out a great volume of complex investigations during the entire 
season. 

The possibility of studying the variability of natural processes in space and time 
will appear, as well as developing ecological investigations of interrelation, and 
many other things. The impossibility of conducting intensive ecological investiga¬ 
tions, up to now, has impeded a profound development of questions of commercial 
forecasting. Only economically profitable, regular fisheries-acoustic surveys will 
allow the speeding up of this process. 

8.1 THE ESSENCE OF FISHERIES-ACOUSTIC SURVEYS 

It is possible to estimate the state of resources and fishing conditions in a region of 
commercial fleet operation by catches. Using data of numerous catches of commer¬ 
cial vessels over a vast water area is equivalent to carrying out a trawling survey. 
However, from data on catches, it is possible to form only a tentative idea about the 
fish distribution by area and depth or about its biomass as a whole. 

To produce more accurate estimates of commercial resources and fishing con¬ 
ditions, it is necessary to use not only the information on catches of commercial 
vessels but also data from acoustic observations. The density, commercial signifi¬ 
cance, and biomass of biological concentrations are determined applying this infor¬ 
mation with the help of fisheries-acoustic surveys. 
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In short, the essence of hsheries-acoustic surveys consists of the following: in 
contrast to acoustic or trawling surveys, which are possible to conduct in any water 
area, hsheries-acoustic surveys are only carried out in regions of an operating 
commercial fleet. Beginning a hsheries-acoustic survey on a research vessel, control 
transects are hrst carried out in places of commercial fleet operation; on these 
transects, coefficients characterizing the catching ability of commercial trawls are 
determined. 2 

Using the coefficients received on control transects, the recalculation of catches 
of commercial vessels into values of area density (in tons/mile 2 ) is accomplished 
using the following formula 3 : 


SWQLye, (81) 

r K K W 

^Q^vert vv trawl 

where Q is the average catch of a commercial trawl, tons/hour; L vert is the vertical 
opening of a trawl, m; Kq is the coefficient of catching ability of a trawl; K vert is the 
coefficient of vertical embrace of concentrations; and W trawl is the commercial pro¬ 
ductivity of a trawl complex, m 3 /hour. 

The commercial or technical productivity of the trawl complex used is numer¬ 
ically equal to the volume of a water space, hshed by a gear per unit of time. 4 
Regarding a known type of trawl, the value W trawl can be determined from the 
reference book of trawling complexes (e.g., Reference 5). 

The coefficient of catching ability of a trawl is the ratio of mass of fish caught 
to the total biomass in the volume of a space dragged by a trawl. The value of the 
coefficient of catching ability K Q depends on many various factors; among them, 
the correctness of using the fishing gear, the manufacturing quality of a trawl, and 
the mode of operation. Taking into account the peculiarities of the fish behavior, the 
knowledge of maneuver, and so on, plays a significant role. Therefore, in our 
calculations, it is expedient to use an average characteristic of the catching ability 
of trawls, which takes place in working regions during the studied period. 

If the coefficient of catching ability of a trawl Kq is unknown, its average value 
is determined based on fishing of concentrations situated within the water column 
and the acoustic quantitative estimation of the density of these concentrations. The 
following formula is used for calculating the coefficient of catching ability 4 : 


(82) 

’’trawl Pint 

where h int is the thickness of a layer of integration equal to L vert and p int is the area 
concentration density by integrator readings. 

From a fisheries report, catches of commercial vessels are chosen, which were 
made near acoustic measurements of the concentration density within a layer of 
fisheries; data of control fishing from a research vessel are also used. These catches 
are averaged and reduced to one hour of trawling. The area density p int is found 
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acoustically using the standard method. The horizon of integration is set on the depth 
of registering concentrations and the thickness of the layer of integration should 
correspond to the vertical opening of a trawl. 

In determining the area density of commercial concentrations by catches, it is 
necessary to take into account that, in the overwhelming majority of cases, the 
vertical extension of concentrations does not coincide with the vertical opening of 
trawls. The layer of catching can be either more or less than the thickness of 
concentrations. Therefore, to correct the mentioned lack of correspondence, the 
coefficient of the vertical embrace of concentrations K vert is introduced; this factor 
ensures the transition from an area concentration density within the layer of catching 
p int to a whole area concentration density by its entire thickness p s . The value of this 
coefficient is determined from the following relation: 

K vert =Pi„/p s (8-3) 

As follows from formulas (8.2) and (8.3), acoustic measurements of values p int 
and p s are required in order to determine the coefficients Kq and K vert . These mea¬ 
surements are carried out on control transects at places of operation of a fishing 
fleet. Acoustic control transects should be laid through the main parts of concentra¬ 
tions caught. With a great congestion of fisheries vessels, in order not to disturb 
each other, parallel courses are used; therefore, the directions of control transects 
should coincide with the general courses of movement of commercial vessels. The 
unit of sampling distance on control transects is usually taken equal to the average 
extension of one hour of trawling of commercial vessels. 

Example 

It is established in a region of trawling for blue whiting that the optimal horizon of 
hshing with the vertical opening of a trawl equal to L vert = h int = 60 m corresponds to 
the depths of 330-390 m. Area concentration densities, measured on control transects 
within the layer of hshing and throughout the whole thickness, are equal to p irit =160 
tons/mile 2 and p s = 230 tons/mile 2 . Then from relation (8.3), the correcting factor K vert 
= 160/230 = 0.7. 

In the fisheries region, vessels of large tonnage are using a trawl, the technical pro¬ 
ductivity of which, with a trawling speed of 4.5 knots, is equal to W tawl = 2.5 x 10 7 
m 3 /hour. The average catch per hour of Uawling Q = 4.0 tons. The coefficient of catching 
ability from formula (8.2) is equal, in this case, to: 


3.4x 10 6 x4x60 
2.5 x 10 7 x 160 


Having determined the coefficients Kq and K vert on control transects, it is possible 
to recalculate the catches at places of operation of commercial vessels from formula 
(8.1) into values of area density of concentrations caught p s . Besides Kq and K vert , 
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initial information for such calculations includes catches Q, the vertical opening L vert 
and the technical productivity W lrawl of trawls with regard to each fishing vessel; 
these data are available from commercial councils and reports. The values of area 
density received are plotted on a plane table, isolines are drawn and the biomass is 
estimated. 

In order to solve operative problems connected to the rational fisheries design 
and fleet placement, it is not enough to study only the dynamics of biomass, with 
account taken of oceanographic factors. It is important to have a clear idea of the 
distribution of concentrations from the point of view of their commercial significance 
in various sections of a region. The commercial significance of concentrations 
detected by acoustic instruments is characterized by the value of a possible catch 
per hour of trawling these concentrations. Data on commercial significance are 
produced as a result of treatment of the acoustic information and the operation of 
commercial vessels. 

The commercial significance is tentatively determined from acoustic data (in 
tons/hour) by the following formula: 3 

Q = 2.9 x 10 7 K Q W trawlPint /h int (8.4) 

During fisheries in a certain region, the values of the technical productivity W trawh 
the layer integration thickness h int , and the trawl catching ability coefficient Kg are 
usually comparatively constant; therefore, their averaged values are used. Only the 
value of the concentration density p int varies within great limits. Taking this circum¬ 
stance into account, it is possible to determine the commercial significance of 
concentrations from the following simplified relation: 

Q = C cs Mj (8.5) 

where C cs = 2.9 x 10 _7 KQW trawl C/h int , tons/hour; C is the value of the scale of an 
integrator, which is determined by the standard method; and Mj are integrator 
readings, reduced to one ping along an interval of one hour of trawling. 

The value Mj is obtained through dividing readings of an integrator by the 
number of pings of an echo sounder for one hour of trawling. 

The practice of surveys shows that, for determining the commercial significance 
of concentrations by acoustic data with the use of formula (8.5), executors of high 
enough qualification are required, able to carry out the acoustic calibration of the 
equipment and the measurement of the coefficient of catching ability of trawls. The 
commercial significance by acoustic data is usually determined with regard to the 
most appropriate trawling complex for a given region, using for this determination 
corresponding values of Kq, p int , and W trawl . 

The commercial significance of concentrations is also calculated from catches 
of commercial vessels, reducing them to the main trawling complex. The following 
relation is used in calculations: 3 
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Q = Q' 


WtrawiKp 

w; rawl K^ 


( 8 . 6 ) 


where Q, Kq, and W trawl correspond to trawling complexes, the most appropriate for 
a given commercial region; and Q', K’q, and W’ trawl correspond to other complexes. 

Unifying data on commercial significance, received acoustically and from 
catches, a plane table of the distribution of concentration is plotted. On such a plane 
table, an obvious picture of the distribution of concentrations by their commercial 
significance is developed; the fisheries sections are clearly seen. 

The analysis of a series of fisheries-acoustic surveys on a research vessel also 
allows for determining the character and direction of main movements of concen¬ 
trations, estimating changes in the fish distribution by water area and depth, and 
specifying in due course dates of the possible decrease of catches down to a critical 
level; after such a date, fisheries are no longer profitable and changes in the deploy¬ 
ment of the fleet are required. 

It is possible to regard the above mentioned considerations as a basis for the 
method of fisheries-acoustic surveys on research vessels. The suggested type of 
investigations of commercial regions possesses great advantages when compared to 
acoustic and trawling surveys. An advantage of fisheries-acoustic surveys is their 
high operability. Such surveys can be accomplished within a very short time; some 
asynchronous character of measurements does not, practically, distort plane tables 
of the distribution of fish concentrations. 

In contrast to acoustic and trawling surveys, in carrying out fisheries-acoustic 
ones, it is only necessary to accomplish several control transects near the group of 
commercial vessels and along the periphery. Acoustic and fisheries information, 
collected and appropriately treated, allows rapid reception of a picture of the distri¬ 
bution of concentrations by their density and commercial significance in a fisheries 
region. An especially great gain in time is received in studying bottom concentra¬ 
tions, as trawling and acoustic surveys, in this case, require a large number of 
controlled catches by a bottom trawl. 


8.2 SURVEYS OF FISHING CONDITIONS 

Let us consider questions connected to the tactics and the profit of surveys of fishing 
conditions. 

Survey Tactics 

After the arrival of a research vessel at a region of work, it is necessary to first 
familiarize oneself with radio transmissions of fishing conditions, according to which 
a map of deployment of commercial vessels and their catches is plotted. Such a map 
gives an idea about the borders of a region, the deployment and the number of 
fisheries vessels, as well as about the commercial significance of concentrations 
caught by them. 
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Control transects are carried out near the region of operating fishery vessels 
before the beginning of surveys of fishing conditions for estimating the density 
and commercial significance of concentrations. The coefficient of catching ability 
of trawls of fishery vessels and that of the vertical embrace of concentrations 
caught are determined on control transects by the acoustic method. Knowing these 
coefficients, the recalculation of catches of fishery vessels into the values of density 
(from formula 8.1 ) and commercial significance (from formula 8.4) is made; plane 
tables of the distribution of mentioned parameters are drawn. Oceanographic 
stations for measuring the main environmental parameters and control fisheries 
for ichthyologic samples are made on control transects at places of abrupt changes 
of the character of distribution of fish concentrations. The direction and speed of 
the fish and currents are also measured. The species, size, age, sex, and weight 
composition of concentrations, as well as the stage of maturity, the fattiness, the 
character of feeding, the stomach content, and other indexes, are determined from 
ichthyologic samples. 

An oceanographic transect is carried out for specifying forecasted environmental 
conditions in a region under survey and for connecting them to the distribution and 
biological state of fish. A transect should pass through places which characterize 
most fully the conditions of temperature of a given region. A characteristic example 
of such a standard section is the well-known transect “Kolsky meridian.” 

Regular observations on a standard oceanographic transect allow for receiving 
valuable material for studying the impact of environmental conditions on the devel¬ 
opment of biological items. These observations give an idea of the influence of 
temperature conditions on the harvest of generations of fish, on the peculiarities of 
their distribution, the maturity, the fattiness, and so on. All the main sources of 
information are used to specify oceanographic conditions: radio transmissions, a 
weather forecast, data of meteorological services, results of measurements carried 
out on vessels situated in a region under study, data of remote sensing of a surface 
ocean layer with the help of satellites, and so on. 

The control of fishing conditions must encompass the main parts of a region 
and their periphery along the side of the suggested movement of fish concentrations. 
Acoustic transects and oceanographic stations at the periphery of a commercial 
region are made taking into account the intersection of the main streams of currents 
and fisheries isobaths. Control catches and oceanographic stations are also carried 
out at places of changes of the character of concentrations registered by acoustic 
instruments. 

The periodicity of conducting surveys at regions of operation of a fisheries fleet 
is determined by the degree of variability of fishing conditions, which depends on 
physical and synoptic conditions, as well as the biological state of the fish. It is 
necessary to carry out fisheries-acoustic surveys and passing oceanographic and 
biological observations the most frequently within so-called crucial periods, when 
abrupt changes in the fish distribution occur; for instance, during the mass fish 
migrations to spawning or wintering grounds, during abrupt changes of weather 
conditions, as well as along their routes of migration to traditional places of forma¬ 
tion of concentrations, and so on. It is possible to undertake rare surveys under stable 
fishing conditions. 
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FIGURE 8.1 April 1987, North Atlantic. The plane table of the distribution of blue 
whiting concentrations by their commercial significance: 1, Q < 5.0 tons/hour; 2, 5.0 
< Q < 10 tons/hour; 3, Q > 10 tons/hour. Points show the locations of trawling; dashed 
line indicates the control transect (Bondarenko, V.M., personal communication). 

If a sufficient number of vessels work in a fisheries region, for surveying and 
controlling fishing conditions, plane tables of the distribution of commercial signif¬ 
icance of fish concentrations are drawn first. An example of such a plane table is 
given in Figure 8.1. 6 A regular comparison of such plane tables provides an oppor¬ 
tunity for correcting the location of fisheries vessels and determining their optimal 
number in a region. 

Having revealed the tendencies in dynamics of distribution of commercial con¬ 
centrations, it is possible to draw forecasted plane tables indicating the directions 
of movement of concentrations and possible catches. The synoptic forecast for a 
given region, characteristics of the medium, and the biological state of commercial 
items are taken into account in compiling such plane tables. Practice shows that 
such short-term forecasts of fishing conditions may prove to be correct with some 
working experience in a specific region. 

In the estimation of fishing conditions on research vessels, it is expedient to 
carry out measurements of the value of commercial significance by several channels 
of integration at different depths. The results of acoustic measurements allow plotting 
graphs of the distribution of commercial significance by depth. Such graphs provide 
an opportunity to select optimal horizons of fishing and the opening of trawls. 

The fish distribution by depth often undergoes great changes with various phys¬ 
ical conditions of the water medium, with the different biological states of items 
and so on. Considerable changes in the distribution of concentrations occur during 
their daily vertical migrations. This is, in turn, reflected on the volume concentration 
density and, consequently, on their commercial significance. 
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The graphs of the distribution of commercial significance of blue whiting con¬ 
centrations in the North Atlantic by depth during various times of the day are given 
in Figure 8.2 as an example. Five channels were simultaneously used to measure 
the commercial significance. The thickness of the layers of integration in each 
channel was equal to the vertical opening of the trawl, 50 m. The location of the 
channels by depth was set with the overlapping equal to 25 m. As seen from the 
graphs, the most productive layer for the fisheries was situated, during the daytime, 
within the limits from 335 to 385 m; at night, from 250 to 300 m. 

Thus, the variation of commercial significance is not obligatorily connected to 
changes of the biomass in a region, as it strongly depends on the character of the 
fish distribution. For example, with mass fish coming to a region within the period 
of migrations or with fish localizing during the spawn, concentrations condense and 
their commercial significance abruptly grows; respectively, catches increase. In 
contrast, under fish diffusion by great area or depth within the period of active 
feeding, even with considerable general biomass, the decrease in commercial sig¬ 
nificance of concentrations may not ensure a daily quota of catch. In this case, the 
fisheries should be displaced or reorganized with alternative fishing gear; for exam¬ 
ple, the transition from trawls to drift nets should be made. 

If a noticeable increase of dimensions of concentrations and catches is observed 
during the control of fishing conditions, the conclusion can be made that a mass fish 
migration to a region has begun. In this case, in addition to determining the COm- 
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FIGURE 8.2 The distribution of commercial significance of blue whiting concentrations 
by depth: 1, during the day; 2, at night (Ermolchev, V.A., personal communication). 
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mercial significance, it is expedient to measure the concentration density by the 
standard method, to draw plane tables of the density distribution, and to estimate 
the biomass. 

Accomplishing a series of surveys of fishing conditions with estimation of the 
concentration biomass provides the possibility of observing, dynamically, the 
changes of the density, of studying natural regularities of the formation, stable 
distribution, and disintegration of concentrations; this, in turn, allows for better 
orienting oneself as to fishing conditions. It is especially important to follow the 
dynamics of changes of the total concentration of biomass, the intensity of fish 
coming to a region or leaving it. Such observation should be conducted during 
periods of fisheries’ fattening, spawning, and wintering concentrations. Under inten¬ 
sive fisheries of concentrations, the variation of their biomass should be determined 
taking into account the commercial withdrawal. 

Carrying out frequent surveys of fishing conditions allows for drawing a graph 
of changes of the biomass in time. The knowledge of a daily fish catch gives the 
possibility of determining the coefficient of commercial withdrawal and its rate. The 
graph of variation of the mentioned values allows for controlling the correspondence 
of the actual catch to the optimal one. 

Biologists establish the optimal value of the coefficient of commercial with¬ 
drawal depending on the duration of life and reproductive capability of surveyed 
fish, on the harvest of generations, on the age composition of a population, and other 
factors. The value of a catch is ascertained from radio transmissions and commercial 
reports. The actual value of the coefficient of commercial withdrawal is found by 
dividing the value of a catch by the biomass of fish concentrations. The coefficient 
of commercial withdrawal is divided by the duration of a period from the beginning 
of the commercial season up to the moment of time of accomplishing a survey in 
order to determine the rate of commercial withdrawal. 

Example 

Two months have passed since the beginning of the commercial season up to the 
moment of the present survey in the region of fisheries of blue whiting. It is seen from 
the graph in Figure 8.3 that the value of the total catch is equal to 30,000 tons; the 
biomass of fish concentrations changed from 870,000 to 900,000 tons; the actual value 
of the coefficient of commercial withdrawal is about 3%; and the rate of commercial 
withdrawal is 1.5%. 

The optimal value of the coefficient of commercial withdrawal regarding the population 
of blue whiting is assumed to be equal to 15%; the duration of the fisheries season is 
7 months. The corresponding rate of commercial withdrawal is 2.1%. Thus, an 
under-catch took place within the period from the beginning of the fisheries season to 
the moment of carrying out the survey. 

In addition, the graph of changing of the biomass in a traditional region provides 
the possibility to correctly choose the time favorable for carrying out a survey of 
the state of stocks, when most commercial resources gather in the same region. The 
dynamics of fish arrival in a region depends on environmental conditions and the 
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FIGURE 8.3 The fisheries of blue whiting in the Norway Sea. Diagrams of the changes 
in the following parameters during the fishing season: 1, biomass of fish concentra¬ 
tions; 2, catch; 3, overall biomass and catch; 4, coefficient of commercial withdrawal. 

biological state of items; it may change from year to year in each season. Therefore, 
for choosing more exactly the time of maximal fish arrival, and then the time of 
conducting a survey of the state of stocks, as the fish arrival increases, it is necessary 
to accomplish more frequent acoustic measurements of the concentration density, 
oceanographic stations, and ichthyologic samples. 

Regarding the graph of the previous example (Figure 8.3), the maximum growth 
of the biomass corresponds to the beginning of July; a survey of the state of stocks 
of blue whiting should be carried out at exactly this time. 

Survey Profit 

The method of fisheries-acoustic surveys of fishing conditions was tested on scien¬ 
tific vessels on several expeditions in different basins (see, for example. Reference 
6). Carrying out such surveys convincingly proved their high efficiency and profit¬ 
ability when controlling fishing conditions; this established a great interest by the 
fishermen in receiving such information when it is used to serve fisheries vessels 
by providing operative and forecasting data. 

Fisheries-acoustic surveys proved to be very efficient in preparing short-term 
forecasts of fishing conditions. Due to such surveys, short-term forecasts of fishing 
conditions proved to be correct in about 100% of the cases. 

As a result of carrying out fisheries-acoustic surveys, it was established that the 
increase of productivity of commercial vessels due to the use of recommendations 
and forecasts fully justified the conduction of these works on research vessels. Thus, 
experts’ estimates in the southeast Atlantic showed that regular transmissions of the 
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forecasting plane tables from the research ship increased the catches of a great 
number of commercial vessels by more than 10% on the average; i.e., the cost of 
exploitation of the research ship was more than compensated. 

Due to the recovered cost of exploitation of a research vessel, carrying out 
surveys of fishing conditions makes it possible to estimate the state of biological 
resources and to conduct a great volume of multidisciplinary investigations. Addi¬ 
tionally, observations of the variation of distribution, biomass, and quantity of fish 
concentrations in connection with environmental parameters practically do not 
demand additional temporal and material expenses, as they are conducted in parallel 
with surveys of fishing conditions. 

Thus, the long-term exploitation of a research vessel in the regime of repayment 
of surveys of fishing conditions can be profitable in carrying out surveys of fisheries 
resources, as well as for studying the dynamics of ecological interrelations. It should 
once more be emphasized that the profitable work of a scientific vessel is only 
possible under the condition that fisheries-acoustic surveys are organized during the 
whole commercial season. 

It should also be noted that the regular control and forecast of fishing conditions, 
ensuring the efficient operation of a fisheries fleet, is not only a necessary condition 
of the profitable use of a research vessel, but also a service of scientists to managers 
of fisheries for the help in receiving additional information, important for the analysis 
of the state of commercial resources.* The mentioned reasons explain the necessity 
of carrying out a great volume of studies connected to the estimation of fishing 
conditions. 

8.3 SURVEYS OF COMMERCIAL RESOURCES 

Let us consider the choice of the time for the initiation of surveys, as well as questions 
connected to its tactics. 

Choice of the Time for the Survey Initiation 

It was shown in Section 7.1 that the time for the initiation of a survey of commercial 
resources should correspond to the maximal fish arrival to a region surveyed. The 
practice of fisheries-acoustic surveys shows that a series of surveys of fishing con¬ 
ditions are required in order to correctly determine the moment of maximal fish 
arrival. Carrying out frequent surveys of fishing conditions before the initiation of 
a survey of commercial resources allows for following a regularity of the change in 
the fish biomass in a commercial region. This regularity enables correctly choosing 
the favorable time for conducting a survey of commercial resources, when most of 
the fisheries stock gathers in this region. 

Because of the great rate of increasing biomass and of the short period of 
existence of maximal concentrations, it is necessary to initiate a survey for estimating 
the state of stocks immediately after the end of the abrupt increase of the biomass; 


* The experience of marine fisheries shows that the operative management of fisheries is required for 
efficient work of a commercial fleet in national waters. 
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i.e., near its maximum. If the maximum period is rather long, a survey should be 
carried out within the middle of this period, up until no decrease in the biomass has 
begun. 

The dynamics of the fish migration to a region depends on conditions of the 
medium and the biological state of items, and it may change from year to year in 
each season. Therefore, to determine more exactly the time of the maximal fish 
arrival, and then the time to accomplish a survey of resources, it is necessary, as the 
fish migration increases, to carry out more fisheries-acoustic estimates of the density, 
oceanographic stations, and ichthyologic samples. 

Survey Tactics 

After establishing the time for the survey initiation, the carrying out of a survey 
itself starts. In conducting a survey, most attention is paid to the reception of a more 
adequate picture of the distribution and the most accurate estimates of fish quantity 
and biomass in a region surveyed. Oceanographic conditions are specified only in 
a case of extreme necessity. 

For estimating the fish state, a survey is usually conducted at the end of the 
period of fattening, when the majority of a population gathers in a region and fish 
keep, comparatively stably, within a limited space, forming rather dense concentra¬ 
tions prior to migrating to places of wintering. Surveys within the period of fattening 
show to what extent the state of commercial resources differ from the critical level. 

With a strained state of the stock, the regular control of the quantity of a spawning 
shoal is especially important. A survey of a spawning shoal is usually carried out 
during the time of the fish arrival at the spawning grounds, when they form dense 
local concentrations. 

In contrast to a survey of fishing conditions, a much greater number of investi¬ 
gations are conducted in estimating the state of stocks. A survey is conducted on 
an area encompassed by fisheries, as well as on unstudied parts of the area inside 
a commercial region and on its periphery, to the side of the suggested motion of 
concentrations. Control acoustic transects are conducted and the biomass is esti¬ 
mated by catches on those parts of a region where the commercial fleet operates. 
Additional transects are accomplished between groups of commercial vessels with 
a very nonuniform distribution of concentrations. An ordinary acoustic survey is 
carried out on peripheral sections of a commercial region. In these cases, the grid 
of transects is designed and the biomass is estimated by the standard method (see 
Chapter 7). 

In carrying out a seasonal survey for determining the state of stocks, it is 
important to estimate the fish quantity by age groups. For this purpose, from results 
of control catches in different locations of a region under survey, the length and 
age composition of fish concentrations are determined, as well as “keys”; i.e., 
relations with the help of which the percentage composition is calculated according 
to the age in each group. The length composition of concentrations is also deter¬ 
mined from readings of the special split-beam acoustic equipment (see Section 
5.2). It is possible to continuously observe the histogram of the length composition 
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of a concentration registered by instrument along the course of a vessel on the 
display of such equipment. 

At places of noticeable changes of the length composition, readings of the 
percentage composition of length groups are taken from the histogram; these read¬ 
ings are recalculated with the help of keys into age relations. Such data of age 
relations, received through control catches and acoustic measurements, are used for 
plotting the distribution of fish concentrations regarding each age group; the quantity 
and biomass according to the age are estimated (see Section 7.2). Determination, 
with the help of surveys, of the quantity of biomass of commercial fish down to 
recruits and young, and comparing these data by seasons, allow for calculating the 
rate of the growth and forecasting the variation of the biomass of fattening and 
spawning shoals of different species in the coming season. 

After finishing a detailed seasonal survey for estimating the state of stocks, all 
materials of this survey, as well as surveys of fishing conditions carried out just 
before and after estimating the maximal value of the biomass, are systematized and 
analyzed. This makes it possible to examine the real state of stocks. 

It is possible to consider the maximal value of the biomass, received as a result 
of a detailed survey, as a control value of the state of resources in a region under 
investigation. However, the value of the biomass, measured at the maximal fish 
arrival to a region, does not entirely determine the state of resources; it strongly 
depends on the character of fish migrations and may change to either side under the 
impact of environmental conditions. It should be noted that the value of the biomass 
measured only corresponds to the real commercial resources if there is certainty that 
a survey encompassed the main part of the population. 

In carrying out surveys of resources, besides the biomass, the average value of 
the density of concentrations and their area are determined. It is known that, with 
a depressed state of stocks, the density and area of commercial concentrations 
noticeably decrease. The results of measurements of the parameters of concentrations 
can be used for forecasting the state of stocks only if they are connected with 
environmental characteristics. 

The comparison of the distribution of the density of fish concentrations and 
oceanographic characteristics, received as a result of seasonal surveys, provides the 
possibility of estimating the impact of physical conditions, feeding fields of plankton, 
currents, and other factors of the medium on the variation of the quantity, biomass, 
and the routes of fish migrations. Seasonal measurements of the quantity, the area, 
and the density of fish concentrations make it possible to obtain quantitative varia¬ 
tions of these values under various environmental conditions. The analysis of param¬ 
eters of concentrations and the medium by seasons and years will allow one to judge 
more accurately the state of resources in commercial regions, to investigate the 
reasons for the growth or fall of the biomass and to forecast the subsequent changes 
in stocks. 

8.4 ECOLOGICAL SURVEYS 

Multidisciplinary surveys have been carried out for many years on numerous marine 
expeditions in various regions of the World Ocean. Such surveys are also conducted 
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now. Multidisciplinary surveys, including acoustic, ichthyologic, and oceanographic 
investigations, are intended to study the peculiarities of the distribution of commer¬ 
cial concentrations under the impact of different environmental factors and taking 
into account the biological state of fish. 

The role of conditions of the medium and the physiologic state of fish does not 
remain constant throughout the various steps of their life cycle. During spawning 
migration, the role of external conditions gradually decreases and the physiologic 
state of fish becomes a leading one. The main role with feeding migrations is played 
by external factors such as food and temperature conditions. 

Temperature conditions of water masses influence for the activity of fish to a 
high degree. The extension, periods, and rate of migrations, as well as the time of 
formation of concentrations, depend on the temperature regime. The area of fish 
habitation widens in warm years and narrows in cool years. The routes of migrations 
and the area of fish distribution are shifted within the period of fattening, wintering, 
and spawning under an abrupt change of the temperature regime. The rate of changes 
is considerably more intensive in cool years than it is in warm ones. 

Many years of multidisciplinary studies allow, to a great degree, elucidation of 
the general dependences of the influence of separate environmental factors on the 
formation and distribution of commercial concentrations of various fish species, 
based on averaged data. Unfortunately, until now, the detailed peculiarities of for¬ 
mation of fish concentrations have been unyielding to study. 

important for forecasting, many-factored interrelations characterizing favorable 
conditions for the formation of zones of high biological productivity, as well as the 
temporal variability of the main factors influencing the formation of concentrations, 
have been weakly studied. For instance, a detailed study of the degree of the impact 
of temperature, feeding plankton, and other factors on the formation of commercial 
concentrations at various steps of the life cycle of fish is required. It is known that 
the formation of a concentration can be due to fish immigration from other regions, 
as well as to the concentration of dispersed items. 

One of the reasons for the inefficiency of existing methods of carrying out 
multidisciplinary surveys is the insufficient volume of information on plane tables 
of distributions of fish concentrations and environmental parameters, received as a 
result of surveys. This is explained by the small number of oceanographic measure¬ 
ments and imperfections in the treatment of the acoustic information. Therefore, 
only plane tables characterizing the general picture of the distribution of fish con¬ 
centrations and environmental parameters have been successfully constructed. Such 
a situation does not provide the opportunity to study the reasons for changes of the 
character of fish distribution and behavior under the impact of various factors. 

Until recently, the construction of plane tables of fish concentrations was directed 
at determining the quantity and the biomass, and estimating the distribution of 
commercial items was a question of minor importance. Plane tables regarding the 
biomass estimation are constructed by integrator readings averaged over a great 
interval of the vessel path. Therefore, the picture of the distribution of commercial 
concentrations is smoothed; it strongly differs from the actual one and is of little 
use in studying the peculiarities of fields of fish concentrations. 
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To correct this shortcoming, it is necessary, first of all, to considerably shorten 
the time interval for measuring the acoustic information, which requires a more 
complicated data treatment for constructing detailed plane tables of fields of fish 
concentrations. The necessity of a sharp increase in the number of oceanographic 
stations and measurements within a comparatively limited amount of time is a 
difficult task. This problem can only be solved with the help of electronic measurers 
of environmental parameters operating from a moving vessel. 

At present, different firms produce towed carriers of oceanographic sensors 
(ondulators). Such carriers are towed in a sinusoidal trajectory, alternately coming 
to the surface and plunging to maximal depths of 100-400 m. Broken and returnable 
carriers are also produced. Returnable carriers automatically sink to a given depth, 
and then rise up to the sea surface; after that the cycle is repeated. 7 

A complex of measuring equipment, installed on a towed carrier, allows for 
receiving aboard a moving vessel, practically continuous transects of corresponding 
environmental parameters. Towed carriers are rather expensive and bulky for the 
present. However, taking into account the fast development of towed systems, in the 
near future they will become available for wide use in ecosystem investigations. 

A different method of collecting and treating survey data is also required for 
the reliable estimation of the distribution of commercial items and environmental 
parameters. The regime of isolation of gradient zones should serve as a basis for 
the method of constructing plane tables of the distribution of items and environmental 
parameters. The development of new principles of detection and registration of such 
zones is required. 

It should, however, be emphasized that the main reason for the failure of existing 
methods of multidisciplinary surveys consists in the tactics of carrying out the 
investigations rather than in the methods of collecting and treating data. It was 
mentioned in Section 7.3 that, in carrying out surveys over a large water area, a 
dissociation of the collected multidisciplinary information in space and time appears. 
This dissociation is due to the considerable variability of the distribution of com¬ 
mercial items and environmental parameters in the ocean and to the long duration 
of expedition works. 8 

As a result of the great dissociation of measured data, their spatial distribution 
in plane tables is strongly distorted; the noncorrespondence of the location and shape 
of fields of fish concentrations and oceanographic elements on plane tables to their 
actual position takes place. This acts negatively on results of studying interrelations 
of the fish distribution and environmental parameters. For this reason, prolonged 
multidisciplinary surveys at sea have not provided, as yet, any reliable result in 
estimation of ecological interrelations. 

It is possible to correct such a situation by decreasing the duration of multidis¬ 
ciplinary surveys down to an allowable minimum. As has already been mentioned, 
a considerable decrease in the duration of surveys can be achieved through the use 
of a towed oceanographic measuring system. Application of such systems will 
strongly decrease the time and means necessary for carrying out multidisciplinary 
surveys, as investigating commercial concentrations by acoustical equipment and 
measuring environmental parameters by a towed system will be possible, simulta¬ 
neously, from a moving vessel. 
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The choice of the minimal required time for investigating a region outlined is 
considered in Chapter 7 regarding acoustic surveys of commercial concentrations. 
It was shown in Section 7.1 that the allowable duration of a survey can be calculated 
from formula (7.3). The task regarding oceanographic investigation may be solved 
analogously: 


kurv Cjsiirv^pLir (8.7) 

where e a is the error because of nonsimultaneity of measurements, l surv is the diameter 
of the area of a region under investigation, and v par is the speed of process of 
variability of an investigated parameter. 

The speed of processes of variability of oceanographic parameters is directly 
connected to the mixing of water masses under the impact of currents, meanders, 
or thermoclines. It is possible to assume the speed of the plankton movement equal 
to the velocity of currents and other perturbations as it drifts together with water 
masses. The speed of the variability of temperature and of other parameters of the 
medium is usually commensurate with the velocity of currents. 

As far as studying the variability of environmental parameters in space and time, 
it will become possible to determine the speed v par and to estimate the time t surv from 
formula (8.7). For the present, it should be guided by the speed of movement of fish 
concentrations in determining the allowable duration of a multidisciplinary survey. 
The speed of fish movement nearly always exceeds the velocity of oceanographic 
processes. 

Rapid multidisciplinary measurements of the density of commercial concentra¬ 
tions and environmental parameters, taking into account the physiological state of 
fish, will be referred to later on as ecological sun’eys. The main purpose of ecological 
surveys is to study ecosystem interrelations between the enumerated characteristics. 
We consider that, at present, there are all the necessary premises for carrying out 
ecological surveys. According to our opinion, large-scale ecological surveys will 
receive wide development with time. The results of such regular surveys will allow 
for raising the level of forecasting of commercial resources. 

The main difference between ecological surveys and surveys of resources con¬ 
sists of the fact that the former should ensure the collection of data on dimensions, 
configuration, and structure of fields of density of fish concentrations and the major 
environmental parameters having an impact on the distribution of commercial con¬ 
centrations. 

For studying the influence of environmental conditions on the formation of 
commercial concentrations, it is necessary to control the dimensions and structure 
of fish concentration, connecting them with corresponding parameters of the 
medium. Such control should be accomplished in the course of surveys of fishing 
conditions. To more clearly isolate separate schools inside commercial concentra¬ 
tions, the unit of sampling distance must be made considerably smaller than that 
taken when surveying stocks. In contrast, the number of oceanographic measure¬ 
ments for connecting environmental conditions to fish concentrations must be much 
more significant than those made in carrying out surveys of resources. 
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It is necessary to begin the study of ecological relationships in a region outlined 
by carrying out a preliminary survey. Plane tables of the distribution of fish concen¬ 
trations and environmental parameters, drawn as a result of such an ecological survey, 
will allow examining the situation and correcting a further detailed survey. Gradient 
zones are plotted on plane tables. Transects of further surveys must intersect gradient 
zones of fields of fish concentrations, plankton, temperature, and other factors of 
the medium at different sections of a commercial concentration. 

Dimension and structure parameters of fish concentration, the character of strat¬ 
ification of water masses, and the location of frontal zones, where variations of 
physical parameters are great, should all be taken into account in designing the grid 
of transects of ecological surveys. Carrying out such surveys provides the possibility 
to study in detail the impact of different factors of the medium on the formation, 
distribution, and disintegration of fish concentrations. 

Usually, for studying ecological interrelations, investigating an entire region is 
not required, especially if it is extensive. It is enough to work on one comparatively 
large fish concentration, recurrently returning to it. The periodicity of carrying out 
ecological surveys in a region of fishing fleet operation is determined by the temporal 
variability of processes under study as well as by fishing conditions, which depend 
on physical, synoptic conditions and the biological state of the fish. 

Under stable fishing conditions, multidisciplinary surveys are carried out rarely, 
when biological analyses indicate noticeable changes in the physiological state of 
fish, especially before spawning, fattening, or wintering. Fisheries-acoustic surveys 
of the entire working region of a commercial fleet are carried out rather frequently 
for collecting operative and forecasting information within the period of active 
fishing (see the previous section). 

It is necessary to frequently conduct ecological surveys within so-called crucial 
periods, when abrupt variations of physical conditions or the biological state of fish 
lead to significant changes in their distribution and behavior. Rapid multidisciplinary 
surveys are completed by fisheries-acoustic investigations within such periods. 

With frequent ecological surveys, it is also possible to study the short-term 
dynamics of processes of variability of fish concentrations and environmental param¬ 
eters, as well as interrelations between them. As the short-term variability of fish 
concentrations is connected with synoptic phenomena, it is expedient to carry out 
series of frequent surveys at the time of unstable weather conditions, when the 
greatest variations in the item distribution take place. It is necessary to use high-fre¬ 
quency echo sounders for the distinct registration of fish in stormy weather. 

An area surveyed can be different depending on the rate of the short-term 
variability of fields under study. Thus, if processes of variability of the distribution 
of fish concentrations occur rapidly and abruptly, it is desirable to study them on 
small, local concentrations with an area not exceeding 100 miles 2 , carrying out such 
micro surveys up to once a day. It is possible to study processes varying slowly and 
smoothly with the help of series of surveys conducted on comparatively large 
commercial concentrations. 

Ecological surveys undertaken to study interrelations within an ecosystem are 
especially important. In studying such interrelations, it is necessary to take into 
account the competition in feeding different species of items, when they play the 
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role of predators or prey in relation to each other; it should also be borne in mind 
that the intensive exploitation of one of several interacting species can strongly affect 
the quantity of others. 

The accomplishment of rapid multidisciplinary surveys allows for receiving 
important quantitative characteristics of trophic relations of different fish species. It 
should be taken into consideration that areas of distributions of predators and prey 
are often disconnected in space; therefore, to carry out ecological surveys, it is 
necessary to know periods and dates when areas of distribution of interacting species 
coincide with each other. 

It is possible to study feeding interrelations between species with the help of 
ecological surveys on mixed fish concentrations and on concentrations of feeding 
plankton. For instance, one can conduct surveys of local concentrations of Barents 
Sea capelin, in the proximity to which there are cod feeding on capelin; on mixed 
concentrations of Baltic herring and cod, when the latter feed on small herring; on 
dense concentrations of plankton eaten by fish, and so on. 

It is possible to study the rate of the fish growth in connection with environmental 
conditions in a series of rapid multidisciplinary surveys carried out successively. It 
is known that optimal temperature conditions favorably affect food consumption, 
increase the speed of growth, and make more active the sexual maturity of fish. 
Under abundant feeding and favorable temperature conditions, fish at an earlier age 
become sexually mature and replenish a spawning shoal. Therefore, with the help 
of surveys, studying the growth rate according to the age in connection to natural 
conditions has a significant importance in estimating stocks of sexually mature or 
immature fish. 

Ecological surveys are also required to study the negative affect of the medium 
pollution on fish stocks. For this purpose, surveys are carried out near centers of 
pollution and on their periphery for elucidating the damage caused. Surveys are also 
conducted after eliminating the pollution to control the ecological equilibrium bro¬ 
ken, to estimate the quantity of plankton, fish, marine mammals, or birds. 

It should be noted, in conclusion, that suggested multidisciplinary ecological 
investigations will become widely developed only under the inculcation of fisher- 
ies-acoustic surveys, the profitability of which will allow for conducting a great 
volume of rapid ecological studies from a research vessel over a long period of time. 

8.5 ANALYSIS AND APPLICATION OF SURVEY 
RESULTS 

The fish distribution throughout an investigated area is established as a result of fish- 
eries-acoustic surveys of resources and fishing conditions. The collection of data on 
the distribution of fish concentrations and on characteristics of water masses allows for 
studying the structure, commercial significance, quantity, and biomass of commercial 
concentrations in relation to environmental parameters. The comparison of these data 
in time provides the possibility to determine the quantitative regularities of the spatial 
and temporal variability of fields of fish concentrations and characteristics of the water 
medium, as well as the dynamics of their interrelations. All this must significantly 
increase the efficiency of forecasting resources in traditional commercial regions. 
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Information Collection and Treatment 

The ichthyologic, oceanographic, and fishing information are collected and treated 
in the course of fisheries-acoustic surveys. The collection and treatment of ichthy¬ 
ologic and oceanographic data are accomplished exactly as they are when carrying 
out an acoustic survey. The procedure of this work was described in the previous 
chapter. The fisheries-acoustic method of determining the density and commercial 
significance of concentrations constitutes an exception. 

The catch, the vertical opening, the technical productivity, and the coefficient 
of catching ability of trawls of commercial vessels serve as initial data for calculating 
the density and commercial significance of concentrations. Besides, for estimating 
the density, the coefficient of the vertical embrace of concentrations is required. The 
peculiarities of determining all the above-cited parameters are considered in detail 
in previous sections of the present chapter. 

The commercial significance of a concentration is widely used in estimating 
fishing conditions in regions of active fisheries. The commercial significance is 
determined by catches taking into account the type and characteristics of trawls 
used by commercial vessels. If a trawl of the type, which is the most widely applied 
in a given commercial region, obtains a certain catch, a forecasted catch is taken 
equal to the actual one per hour of trawling. A catch, obtained by a trawl of another 
type, is used for estimating the commercial significance after introducing the 
correction, accounting for the differences in the technical productivity and the 
coefficient of catching ability of trawls. Such calculations are accomplished from 
formula (8.6). Sometimes, in carrying out surveys of fishing conditions, for spec¬ 
ifying the location of the densest part of a concentration (Figure 8.1), the commer¬ 
cial significance is calculated from integrator readings. Then, either formula (8.4) 
or (8.5) is used. 

Determining the concentration density from commercial data is a pivotal ques¬ 
tion of fisheries-acoustic surveys. It is necessary to know the concentration density 
both in surveys of fishing conditions and in surveys of resources. Formula (8.1) is 
used in calculating the area density by catches. The area concentration density on 
sections of a region under study, where there is no fishing, is determined by integrator 
readings. For this purpose, the standard method and relation (6.20) are used. 

The treatment of values of the concentration density and commercial signifi¬ 
cance, received as a result of surveys of fishing conditions and resources, is made 
by a single method. Values of the area density and commercial significance, calcu¬ 
lated with the use of commercial and acoustic data, are plotted on plane tables. The 
entire range of values of the area density and commercial significance, plotted on a 
plane table, is divided by several gradations; isolines of the density and commercial 
significance are drawn for each gradation. As a result, a picture of the location of 
commercial and noncommercial sections is received for an entire region studied; the 
biomass of concentrations is estimated.* 


* As in treating data of a purely acoustic survey, plotting of plane tables is currently done with the help 
of computers. 
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In analyzing formulas (8.1 )— (8.6 ) for calculating the concentration density and 
commercial significance by catches, it is possible to find that the source of main 
errors in all calculations is the coefficient of catching ability of trawls K Q . The error 
in calculating the coefficient of the vertical embrace of concentrations K vcrt is much 
less, as the errors of the density p int and p s from formula (8.3 ) by the acoustic method 
are reciprocally cancelled. As a result, according to preliminary estimations, the 
error of determining the density and commercial significance of concentrations by 
catches can reach ±30%. 

Thus, the accuracy of a fisheries-acoustic survey is, in most cases, of the same 
order as it is in carrying out a purely acoustic survey. In the cases when there are 
only a few vessels in a region under study and, subsequently, the number of mea¬ 
surements of the density is comparatively small, the error of fisheries-acoustic surveys 
can sharply increase. Therefore, when a productive region is only lightly exploited 
by the fisheries, a purely acoustic survey has to be carried out (see Chapter 7). 

Study of the Variability of Fish Concentrations 

Variability of distribution and behavior is a characteristic peculiarity of the majority 
of commercial fish: they continually move; migrate to areas of fattening, spawning, 
or wintering; leave them; and displace inside these regions. The fish distribution in 
space and time changes strongly under the impacts of their physiological state and 
of the oceanographic characteristics of water masses. Knowledge of the regularities 
of fish distribution and behavior, changing under the impact of the mentioned factors, 
is important in studying interrelations, in forecasting the state of resources and fishing 
conditions, as well as in designing surveys. 9 

A long-, middle- and short-term duration of variability of fish distribution are 
differentiated. A long-term duration (seasonal or annual) of variability is connected 
to the instability of large-scale climatic phenomena and is characterized, first of all, 
by the variation of routes of migrations and by the water area of habitation of 
populations. A middle-term duration (within one commercial season) of variability 
of fish distribution and behavior in places of their accumulation is explained by the 
instability of atmospheric and oceanic processes and their impact on the biological 
fish cycle; this often leads to a deviation from the usual dates and rates of formation, 
development, and disintegration of concentration during fattening, spawning, or 
wintering. A short-term duration depends on weather conditions. A concentration 
or, in contrast, a dispersion, of fish or changes in the depth of their habitation can 
be caused by variations of the cloudiness or sea roughness within the limits of a 
synoptic cycle. 

Studying the dynamics of variation of the biomass is especially effective during 
spawning or wintering, when fish concentrate on a small area and it is comparatively 
easy to observe and to estimate them. The value of a biomass, received as a result 
of surveys carried out within a period of mass fish arrival, characterizes the state of 
the stock of a population under study. It is necessary to determine the biomass taking 
into account the fish age composition for revealing less numerous and the most 
productive generations. 
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The dynamics of the seasonal variability can be presented as a graph of changes 
of the biomass in a region of fisheries during a certain period of time. Such a graph 
is plotted based on data of regular surveys of fishing conditions. The value of the 
biomass is determined from catches of commercial vessels and is corrected taking into 
account acoustic observations. For the sake of obviousness, the graph of variation of 
the biomass is given in idealized form in Figure 8.4. The dashed lines depict the initial 
and final sections of the curve, as no fisheries on small concentrations are carried out. 

The curve in the figure gives an idea about the beginning of the mass fish arrival 
to a region, the duration of existence, and the rate of variability of commercial 
concentrations. The period of existence of concentration At is the time interval, 
during which the value of the biomass decreases no more than 50% from its maximal 
level. The narrower the curve, the shorter is the period of existence of commercial 
concentrations, and the more intensive is the fish arrival to a region and exit from it. 

The rate of changes of the biomass T w in a commercial region is estimated by 
the increase or decrease of the fish quantity in unit of time (in tons per day). It 
follows from the graph that the average rate of increasing or decreasing the biomass 
is calculated from the relation 


or 


W 2 -W, 
f2 ~ l l 

w 3 -w 4 


( 8 . 8 ) 



FIGURE 8.4 Diagram of the temporal change of biomass of fish concentrations in a 
commercial region. 


© 2006 by Taylor & Francis Group, LLC 









206 


Acoustic Fish Reconnaissance 


The rate of varying the biomass, to some extent, characterizes the dynamic of 
the fish motion; a high rate corresponds to intensive fish motion, while, with the 
slump of migrations, the rate of changing the biomass becomes low. 

The knowledge of regularities of variation of the biomass in a traditional region 
provides the possibility of correctly choosing the time favorable for carrying out a 
survey of resources, when the majority of a population gathers in this region. A 
survey for estimating a stock should be started immediately after the end of the 
growth of a biomass; i.e., near its maximum. 

Plane tables of the distribution of the concentration density, plotted by the 
standard method, are widely used for a visual analysis. Borders of commercial 
concentrations and their density distribution are determined by the configuration of 
isolines on a plane table. The treatment of a series of plane tables provides a 
possibility of revealing and specifying regularities of the development of the pro¬ 
cesses of variability. 

The short duration of fisheries-acoustic surveys reduces to zero the asynchronous 
character of measurements, ensures an undistorted presentation on plane tables of 
fields of density of fish concentrations and environmental parameters, and allows, 
practically with no error, for quantitatively observing their variation in space and 
time. 

Characteristics of the seasonal and annual variability of fish concentration are 
studied during surveys of fishing conditions in a region within periods of fattening, 
spawning, or wintering. In a region of operation of the fishing fleet, it is enough 
to carry out such surveys only once within a synoptic period during a comparatively 
calm state of the sea; surveys should be conducted not only within the limits of 
a commercial region, but also on its periphery to reveal the direction of fish 
migration to a region, and departure from it. 

Carrying out regular surveys of fishing conditions in a region of operation of 
the commercial fleet provides a possibility of following the dynamics in the 
redistribution of fish concentrations (Figure 8.5). Conducting a series of surveys 
also allows for studying the dynamics of temporal changes of the concentration 
density, the area of distribution, the depths of habitation, and other quantitative 
characteristics of fish concentrations, in connection with environmental conditions 
(Figure 8.6). 

For elucidation of the degree of variability of processes, it is possible to use 
correlation series of measured parameters, graphically presenting them as isocorre¬ 
lates, which show changes in space or time of the structure of the distribution of a 
field studied. Then, the analysis of plane tables of isocorrelates of fish concentration 
and environmental parameters will allow for representing quantitatively the degree 
of nonuniformity of a field, zones of partition and transformation, and the spatial 
and temporal variability. 

Spatial and temporal structure functions play an important role as a measure of 
nonuniformity of the distribution of parameters of concentrations and the medium. 
Quantitatively, structure functions represent the averaged square of the difference 
of measured values of a parameter studied on a certain spatial or temporal interval. 
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FIGURE 8.5 The plane table of the distribution of area density of blue whiting 
concentrations, Norway Sea, Faroe zone, May. Top: first decade of the month; 
Middle: second decade; Bottom: third decade. 1, 10 < p s < 40 tons/mile 2 ; 2, 40 < 
p s < 80 tons/mile 2 ; 3, 80 < p s < 160 tons/mile 2 . 
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FIGURE 8.6 Diagram of the temporal change of the following parameters: Top: 
quantity (1, younger ages, 2, elder ones); Bottom: the area of concentrations (1, 
younger ages; 2, middle ages; 3, elder ones). 


The spatial structure function regarding the distribution of commercial concentra¬ 
tions is determined from the following formula 10 : 


B =[p( x + 1 i„t)-p( x )]" 


(8.9) 
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FIGURE 8.7 Dependence of the following parameters on the duration of observa¬ 
tions: 1, biomass; 2, area; 3, average concentration density; 4, structural function. 


as a result of fish migrations within a commercial region or outside its limits leads 
to a noticeable decrease in the values of p s and S. Simultaneously, the structure of 
concentrations change: their horizontal and vertical dimensions decrease, the non¬ 
uniformity of the fish distribution increases; i.e., the values of the spatial structure 
function B grow. 

Under certain conditions, an abrupt decrease of values p s , W, S, and increase of 
B occurs, which forecasts the disintegration of concentrations and mass fish migra¬ 
tions to another region. Therefore, it is important to know the limiting values of p s , 
W, S, and B, with which the state of fish concentrations becomes unstable. This will 
allow a timely foreseeing of the disintegration of concentrations and facilitate moving 
the commercial fleet to a more productive region. 

It is no less important to know the annual dependence of values p s and S on the 
state of stocks and environmental conditions. The accumulation of information on 
the dynamics of spatial and temporal changes of concentrations in traditional com¬ 
mercial regions for many years and the comparison of results of the last surveys 
with retrospective analogs will allow for receiving an idea on the variation of the 
quantity of a commercial population. Such verification of the state of a commercial 
population is sometimes necessary with the intensive exploitation of biological 
resources, especially regarding fish with great fluctuations of recruitment, when the 
size of a population depends on weather conditions to a significant degree and can 
change sharply from year to year. 

Annual measurements of values p s , W, and S during periods of fattening, spawn¬ 
ing, and wintering will allow for construction of graphs of quantitative changes of 
these values by seasons and years regarding various species at different basins, as 
well as for determining their allowable values; the decrease of stocks below those 
values can cause an interdiction of fisheries. 

It should be noted that results of studying the dynamics of commercial concen¬ 
trations would be still more useful if they were successfully connected with envi- 
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Annual measurements of values p s , W, and S during periods of fattening, spawn¬ 
ing, and wintering will allow for construction of graphs of quantitative changes of 
these values by seasons and years regarding various species at different basins, as 
well as for determining their allowable values; the decrease of stocks below those 
values can cause an interdiction of fisheries. 

It should be noted that results of studying the dynamics of commercial concen¬ 
trations would be still more useful if they were successfully connected with envi¬ 
ronmental characteristics and the physiological fish state, the variability of which 
also requires permanent monitoring. 

Study of Ecosystem Relationships of Natural Processes 

To use the results of variability of fish concentrations for forecasting, it is important 
to investigate the impact of environmental conditions and the physiologic state on 
redistribution of commercial concentrations. Materials of periodic acoustic surveys, 
as well as concurrent oceanographic and trawling stations, help in studies of general 
regularities of the impact of physical conditions, food sources, physiologic state, 
length, and age composition on the character, structure, horizontal and vertical 
distribution, and density and quantity of concentrations. 

Because of the great variability of environmental parameters and the distribution 
of biologic items, a detailed study of interrelations must be accomplished dynami¬ 
cally. In this sense, carrying out a series of rapid multidisciplinary surveys is rather 
important. When such surveys will be further developed, rapid multidisciplinary 
measurements will allow for studying the variability in detail, not only of fish 
concentrations, but also of temperature, plankton, and other oceanographic param¬ 
eters, as well as providing a deeper understanding of the influence of environmental 
conditions on fish distribution and behavior, taking into account the interaction of 
various species with one another (see Section 8.4). 

To conserve the stability of ecological systems, control is required of stocks of 
both the main commercial population and of the other species of ecosystems. For 
this purpose, it is important to know the dependences of the distribution and quantity 
of biological items on the rate of growth, predation, and other factors under various 
environmental conditions. Knowledge of such interrelations is necessary for 
long-term as well as seasonal forecasting. 

In studying interrelations within the framework of an ecosystem, ecological 
surveys will provide a possibility of determining the quantity of predators and prey 
in a region under study, their daily ration, and the degree of consumption of one 
species by the others, taking into account the physical conditions and other factors 
of the medium. Knowing the quantity and the daily ration of the main fish species, 
it is possible to quantitatively estimate feeding interrelations as well as conditions 
under which predation between various species and cannibalism will be observed. 

As the study of quantitative interrelations deepens, it will become possible to 
more accurately forecast resources of various species and to correct their commercial 
withdrawal. Such a correction of resources of fish, which are predators or competitors 
in relation to one another, will allow for approaching an optimal ratio of species. 
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For competent forecasting, it is important to examine the principles of formation 
and disintegration of commercial concentrations. The analysis of results of regular 
ecological surveys will allow for observing the dynamics of the spatial and temporal 
variation in the distribution of commercial concentrations and of the main environ¬ 
mental parameters and their interrelations, as well as revealing dominating factors 
influencing the formation of concentrations. 

The accumulation of information on spatial and temporal changes of fields of 
fish concentrations and characteristics of water masses and the comparison of these 
data will allow for dynamically estimating the impact of priority factors of the 
external medium on the fish distribution. As a result, it will be possible to determine 
more accurately the optimal conditions for the appearance of concentrations of 
various biological items within each commercial season, as well as the role of 
different factors in the formation of concentrations. 

Regular ecological surveys in commercial regions will provide a possibility of 
receiving quantitative dependences of the impact of various environmental factors 
on the distribution and behavior of biological items. As investigations of quantitative 
interrelations widen and deepen, the transition from a qualitative character of fore¬ 
casting, often based on the expert’s analysis, to a numerical simulation of ecosystem 
processes will become possible; this, in turn, will allow for more accurate estimating 
and forecasting of stocks and will improve the regulation of fisheries. 

Use of Survey Results for Forecasting 

Knowledge of regularities of the distribution and behavior of fish under the impact 
of various factors allows for better forecasting of the state of resources and fishing 
conditions. It is believed that the development of ecological surveys will promote 
an increase in the accuracy of the mentioned forecasts. 

It is known that forecasts may be made in advance with various durations of the 
beforehand period: long-term, seasonal, and short-term. Long-term duration fore¬ 
casts are made for a term of 1.0-1.5 years. Seasonal forecasting is often necessary 
with a strained state of stocks. Forecasts of long-term duration and of a seasonal 
one are built on the basis of biological methods, which give the possibility to receive 
information on the state of commercial resources and tendencies of their variation, 
as well as to forecast a general allowable catch and quotas for periods to come. 

Results of surveys of commercial resources are often used in long-term and 
seasonal forecasts of the state of stocks as initial data. Such surveys allow for 
determining, in a commercial region, the quantity and biomass of the main fish 
species by ages. An important precondition of a survey of resources is the coverage 
of the main area of the distribution of a commercial part of a population. Survey 
results usually serve as verification of biological estimates of the state of stocks. 

Data on the concentration distribution, quantity, and biomass, received with the 
help of a survey of commercial resources and linked with oceanographic character¬ 
istics of the medium and the physiologic conditions of the fish, are compared with 
the forecasted stock for a given period. If there are significant deviations of an 
estimate of commercial resources from forecasted values, necessary steps are taken; 
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for instance, corrections to a forecasted value of the commercial withdrawal are 
introduced. 

Seasonal forecasting is also required for estimation of fishing conditions in a 
productive region. In contrast to a forecast of the state of stocks, aimed mainly at 
estimating the quantity and biomass, a seasonal forecast of fishing conditions (quar¬ 
terly or monthly) is based on the prediction of the distribution and behavior of items, 
the direction and speed of migrations, the periods of fish mass arrival to a region, 
and the possible catches. Forecasting the periods of a mass fish arrival to a region 
is important not only for estimation of fishing conditions, but also for the correct 
design of the place and time of carrying out a survey of resources. 

Already established, based on averaged data, general dependences of the impact 
of the medium on the distribution and behavior of fish, the productivity of genera¬ 
tions, and the quantity and biomass of various species of commercial items are used 
in making seasonal forecasts of resources and fishing conditions. Such forecasts are 
often made by the method of analogies based on comparison of survey results with 
existing data, retrospective and averaged for many years. This method allows for 
reception of a tentative forecast. 

The use of the principle of sliding forecasting, accounting for the inertia of 
processes, gives slightly better results. For instance, in forecasting fishing conditions 
for a month, first a tentative forecast for this time period is made. After two weeks, 
the forecast for the following two weeks is corrected, taking into account the results 
of surveys of fishing conditions and outlined tendencies in the distribution of fish 
concentrations; simultaneously, the following forecast for another month is made. 
In successively carrying out the mentioned operations and control surveys, a forecast 
is continuously, successfully improved. 

However, the existing methods of seasonal forecasting do not always give reli¬ 
able enough results because of the great variability of natural processes. In applying 
fisheries-acoustic surveys, the task of short-term forecasting of the distribution of 
concentrations and possible catches for the comparatively stable period of a synoptic 
cycle, the duration of which is 5-10 days, and in the summer, more, can be easily 
solved. True, an abrupt variation of weather conditions may sometimes change the 
distribution of concentrations in a commercial region, literally for several hours. 
Therefore, short-term forecasts of fishing conditions can be made 1-3 days before 
fishing in unstable weather. 

Especially frequent surveys of fishing conditions are required to ensure the 
reliability of short-term forecasts. The practice of carrying out frequent fisher¬ 
ies-acoustic surveys in previous years showed that the comparison of a series of 
plane tables allowed revelation of typical tendencies in the redistribution of concen¬ 
trations. Accurate enough forecasts were made based on tendencies established and 
meteorological forecasts. 

Monitoring Service 

It follows from the above that the self-repayment and great operability is an important 
quality of fisheries-acoustic surveys. They are a decisive factor for the wide devel¬ 
opment of monitoring of resources and fishing conditions. Regular carrying-out of 
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frequent fisheries-acoustic surveys and concurrent oceanographic and commercial 
stations in different regions and for various items, the collection, treatment, and 
analysis of numerous data require the creation of special services for the monitoring 
of basins. 11 

Created in Japan, Norway, the United States, and other countries, centers of 
control and regulation of marine biological resources are examples of the organiza¬ 
tion of such services. Services in Japan are especially efficient. In particular, the 
transmission of data on fish concentrations, their behavior, and the efficiency of 
fishing in a standard format is a necessary condition of commercial work of Japanese 
fishermen. Fishermen are given a bonus for high-quality information. The oceano¬ 
graphic information is received from research vessels, satellites, meteorological 
centers, and so on. A powerful information service and an efficient system of 
collection, treatment, and analysis of data at shore centers allow for making accurate 
enough forecasts of the state of stocks and their exploitation. 

Monitoring services on research vessels should be provided with qualified acous¬ 
ticians, oceanographers, ichthyologists, and specialists in electronic and computer 
technique. The monitoring of resources and fishing conditions should be conducted 
on scientific vessels provided with modern navigation, acoustic, oceanographic 
equipment, and computers. It is expedient that these vessels would implement the 
functions of staff so the management of fisheries could use the latest information 
about the state of resources and fishing conditions for designing the operation of 
the fisheries fleet. 

Experts of the monitoring service, in addition to control of biological resources 
and fishing conditions in a region, short-term forecast, and study of ecological 
interrelations, must ensure the operative maintenance of fisheries vessels by provid¬ 
ing them with actual and forecasting plane tables of the distribution of concentrations 
by their commercial significance, as well as graphs of the distribution of commercial 
significance by depths. Such graphs and plane tables ensure more efficient fishing, 
as they allow for better orientation within a situation, choosing the most productive 
sections of concentrations and the optimal regimes for use of trawls. During intervals 
between fisheries-acoustic surveys, there is also the possibility of helping fishermen 
in mastering navigation, acoustic, and oceanographic equipment. 

In serving fishermen, it is possible to simultaneously control the efficiency of 
operation of commercial vessels. The point is that, by regularly carrying out fisher¬ 
ies-acoustic surveys of a region, in the course of analyzing catches of fishing vessels 
at sections of concentrations with the same commercial significance, it is easy to 
identify vessels operating with a low productivity. 

Low indices of a catch may chronically take place because of a non-qualitative 
cut-out of a trawl, its bad rigging and adjustment, incorrectly chosen tactics of aimed 
catching, the speed of trawling, or the opening and the horizon of trawl motion. In 
conducting special acoustic observations and measurements, it is possible to eluci¬ 
date reasons for low trawl productivity and to make recommendations for improve¬ 
ment. As a criterion of the efficiency of the work of a trawl, it is expedient to use 
its coefficient of catching ability, which is determined by the acoustic method before 
and after the removal of troubles. 
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Such an activity of experts of the monitoring service will promote the increase 
of the accuracy of survey results, e.g., raising the productivity of badly operating 
vessels improves the averaged indices of coefficients of catching ability of trawling 
complexes and allows for receiving more objective calculated values of the density 
and commercial significance by catches when constructing plane tables of the dis¬ 
tribution of concentrations. 

The permanent control of the efficiency of operation of commercial vessels not 
only verifies the quality of commercial information, but insures inspection of the 
course of fisheries and enforcement of their regulations. It is no secret that commer¬ 
cial data are not always reliable and information about low indices of fisheries vessels 
can be attributed not only to an unskilled commercial operation, but also can be a 
result of the transmission of incorrect information on catches. 

In modern conditions, commercial vessels receive quotas of catch for each 
voyage in accordance to an established number of the fisheries withdrawal. It would 
appear that the control of fisheries is a common task of basin research institutes and 
fish protection authorities. However, no close interaction of vessels of these organi¬ 
zations has been observed as of yet. This is explained by the fact that purely acoustic 
surveys, carried out by the efforts of institutes, do not ensure the control of fishing 
conditions within commercial regions. 

The systematic control of the course of fisheries and the practical collaboration 
with fish protection authorities will become possible only after the organization of 
regular fisheries-acoustic surveys. Especially close cooperation will become possible 
in the case of joint activity of scientists and inspectors on one vessel. 

It has been mentioned that, in the course of a fisheries-acoustic investigation, 
researchers can ensure the remote control of the correctness of the commercial 
information transmitted by radio from fisheries vessels. In possessing plane tables 
of the distribution of fish concentrations by their commercial significance, it becomes 
easy to spot vessels that give incorrect information on catches. 

Special electronic equipment provides a great help in organizing the control of 
fishing conditions. For this purpose, commercial vessels are equipped with various 
computer and satellite navigation systems. Fisheries vessels at present are equipped 
with sensors of coordinates. Blocks of such communication and navigation equip¬ 
ment allow for automatically fixing and broadcasting the current coordinates of a 
commercial vessel and following its track. A vessel operator is supposed to introduce 
information on the value and assortment of catches into a block of communication. 
Such systems of navigation and communication allow for correlating catches with 
the location of fisheries; this is important information for both the fish protection 
authorities and for scientists dealing with forecasting. 

Such control of the operation of commercial vessels will force fishermen to 
report correct information. In addition, the practice of servicing commercial vessels 
has shown that, after receiving actual and forecasted plane tables as well as other 
useful information on fish redistribution, fishermen recognize the importance of 
reporting undistorted information. 

The mentioned factors should promote the accomplishment of one of the major 
conditions for carrying out fisheries-acoustic surveys: receipt from commercial ves¬ 
sels of correct information about catches. Therefore, there are grounds to believe 
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that, as the authority of the monitoring service increases, the reliability of the 
information reported by fishermen will grow; this, in turn, will raise the accuracy 
of estimating biological resources and fishing conditions. 

Summing up all the above-mentioned, we would like to emphasize the great 
perceptiveness of fisheries-acoustic surveys on research vessels. Regularly conduct¬ 
ing such surveys within a framework of the monitoring of resources and fishing 
conditions ensures a self-repayment of a great complex of investigation and practical 
work. In this case, errors because of the incorrect choice of the time of the initiation 
of surveys of the state of stocks and the asynchronous character of measurements 
of data are excluded; the accuracy of the estimate of commercial resources and 
environmental parameters increases; the possibility of developing detailed dynamic 
ecosystem investigations arises, well then the forecasting more precisely commercial 
resources and their withdrawal. Additionally, efficient operation of a fisheries fleet 
in commercial regions under investigation is ensured. 
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and Surveys on 
Commercial Vessels 


From economic reasons, it is possible to accomplish the control of the state of 
biological resources within one’s own national waters on fishing vessels. In such 
cases, research institutes send their scientists to commercial vessels, which carry 
out passing observations and surveys in traditional commercial regions. 

Usually, passing observations and surveys on commercial vessels in regions of 
the fisheries fleet operation are needed for correcting annual and seasonal forecasts 
of the allowable withdrawal under a strained state of a stock, as well as for preparing 
quotas and licenses. In such cases, a commercial vessel is temporarily equipped with 
the additional acoustic and other equipment. 

As acoustic equipment for passing observations and surveys, simple electronic 
attachments to echo sounders are used on comparatively small commercial vessels. 1 
The electronic attachment is an autonomous receiver of a vessel’s echo sounder, 
designed for the reception and treatment of echo signals from fish concentrations in 
a form convenient for measuring their density and commercial significance.* The 
electronic attachment is connected to the transducer of a vessel’s echo sounder. The 
attachment has a large dynamic range of the gain, ensuring the registration of 
commercial items until limiting depths of their habitation, precise TVG laws for 
individual and multiple targets, and the integration and processor treatment of echo 
signals from fish concentrations. 

A computer, navigation satellite receiver, and other equipment are parts of the 
electronic attachment. A program of collection of information used directly in the 
course of passing observations and surveys and a program for the complete treatment 
of data received are foreseen in the attachment. 

The electronic attachment of an echo sounder is simple; this allows biologists 
and oceanographers, without special training, to carry out passing observations and 
acoustic surveys. In using the attachment, a short course of instruction provides 
researchers with the possibility of estimating the density, the commercial signifi¬ 
cance, and the biomass of detected concentrations. 


* At present, large commercial vessels are equipped with echo sounders with great functional possibilities 
(Simrad ES60 series). It is possible to use such complexes for long-term passing observations, but 
inexpedient for surveys, as it is too expensive to divert large vessels from fisheries operations. 
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9.1 THE PRINCIPLES OF ESTIMATION OF FISH 
CONCENTRATIONS 


It was mentioned in Chapter 7 that, on scientific vessels, measurements connected 
to the calibration of the equipment with spheres, determining the target strength and 
the length of composition of fish concentrations, are ensured by a special, compli¬ 
cated technique. It is impossible to accomplish such measurements accurately 
enough on a commercial vessel, equipped only with an echo sounder with the 
electronic attachment. Therefore, we suggest a simplified version of calibration of 
acoustic equipment; it is possible to estimate the density and commercial significance 
of concentrations by catches. 

Estimation of Possible Catch and Commercial Significance of 
Concentrations 

As mentioned in the previous chapters, the intensity (energy) of echo signals from 
item concentrations is proportional to the number insonified by an echo sounder, 
and then, to catches Y; i.e.. 



(9.1) 


where C is the constant of the acoustic equipment and M traw , is the summary echo 
intensity of concentrations within a layer caught. 

The summary echo intensity within a layer caught is measured with the help of 
an integrator of the electronic attachment. The unit of sampling distance is taken 
equal to the extension of trawling. Measured values of M lrawl are fixed on the display 
of the equipment. It is possible to use the results of calculations by formula (9.1) 
in commercial work. For this purpose, a relation of the intensity of echo signals of 
fish concentrations and the catches is drawn. As an example, such a graphical relation 
is presented in Figure 9.1. The graph allows fishermen to estimate the possible catch 
on detected fish concentrations, and, during the course of trawling, to forecast the 
catch and to determine the optimal time of lifting the trawl. 

It should be taken into consideration that the speed of the vessel, when carrying 
out passing observations, surveys, or a local search v vess , is usually higher than in 
trawling v trawl . Therefore, when working at the chosen range of an echo sounder, 
the number of echo signals, and then the summary echo intensity M traw , from fish 
concentrations, at the same interval of integration, decreases as compared with 
trawling at about v vess /v trawl times. One should multiply the echo intensity by 
v vess /v,rawi when observing or surveying to compensate for this phenomenon. In 
this case, to determine the supposed catch or the commercial significance of 
concentrations Q at a chosen section of the path of a vessel, formula (9.1) will 
have the following look: 


Y = Q = CM trawl (v vcss /v trawl ) 


(9.2) 
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FIGURE 9.1 The relation between the echo integrator readings and the catches. 

Estimation of Density of Fish Concentrations 

In carrying out a survey or search work, when estimating the biomass of concen¬ 
trations is required, catches of a commercial vessel are recalculated to the value of 
the density of concentrations from formula (8.1). If the duration of integration on 
the path of a vessel differs from one hour, the value of the technical productivity of 
a trawl in formula (8.1) should be multiplied by the time of integration over the 
fractions of an hour t. 

Substituting relation (9.2) into (8.1), the following formula for calculating the 
area density of concentrations, detected in carrying out a survey, search, or passage, 
is received: 


3.4 x 10 6 r int CM trawl (v vess /v tewl ) 

p s =---- (9.3) 

K Q K vert W trawl t 

In calculating the coefficient K vert (formula 8.3), echo intensities M traw , and M s 
are used instead of densities. If the circumstance that echo intensities are proportional 
to the volume concentration density is taken into account, it is possible to determine 
the value K vert as 


•^vert = (M trawl /M s )x(h lnt /h) (9.4) 

where M trawl and M s are echo intensities from fish concentrations within a layer of 
their fishing h int and by the entire thickness of concentrations h, respectively; and h 
is the vertical extension of concentrations. 
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Control measurement of M lrawj and M s are conducted during acoustic observa¬ 
tions in searching and trawling. Averaged values of the coefficient K vert are deter¬ 
mined from the results of such measurement. 

It is important to know the volume density of commercial concentrations (in 
sp/m 3 ) for a quantitative analysis of their distribution. The recalculation of catches 
of a commercial vessel into the averaged values of the volume concentration density 
in searching, trawling, or passing can be made from the following formula: 


Pv 


10 6 CM towl (v 

vess / V trawl) 

wK Q W tawl t 


(9.5) 


It is impossible to determine the value of the coefficient of catching ability of 
a trawl on a commercial vessel, as an estimate of the value p int acquired by the 
acoustic method is required for this (formula 8.2). Therefore, the values K,-, received 
on a scientific vessel are used in calculations of p s and p v from formulas (9.3) and 
(9.5). 

It should be taken into account that the main error in determining p s and p v are 
given by the coefficient of catching ability of a trawl; it may reach 30—40%. Errors 
of measuring the other parameters, given in formulas (9.3) and (9.5), only slightly 
influence the reliability of the concentration density. Therefore, the error of deter¬ 
mining the concentration density by the suggested method is of the same order as 
that estimated by the standard method. 2 

Equipment Calibration 

It is necessary to know the constant of the equipment to determine the commercial 
significance and the volume and area densities of concentrations from formulas (9.1), 
(9.3), and (9.5). For this purpose, the calibration of the equipment by catches is 
conducted during the fisheries operation of a commercial vessel. 

The calibration of the equipment is reduced to the determination of the echo 
intensity from concentrations accumulated by an integrator within a layer of their 
fishing in carrying out a series of trawling. The values of catches are compared with 
the integrator readings on tracks of trawling. As a result of such measurements, the 
constant is received: 


C - Y/M trawl (9.6) 

The calibration of the equipment does not require any preliminary operations; 
it is carried out repeatedly during the course of fishing, without diverting a vessel 
from commercial work. Therefore, it is possible to determine, without difficulty, the 
average value of the constant of the equipment by a great number of trawls when 
it is required. The regimes chosen for the work of the equipment and of the trawl 
should remain invariable, both during the measurements of the equipment constant 
and during the course of surveys, local searches, and passing observations. Operating 
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in a commercial region, the regimes of the equipment and the trawl are changed 
very rarely; in those cases, it is necessary to carry out a recalibration. 

It follows from relation (9.6) that the equipment constant is determined by values 
of catches and echo intensity from fish concentrations within the water column.* In 
turn, catches and readings M trawl depend on the character of the distribution and 
behavior of fish. Comparatively small deviations from correct values of C can be 
tolerated in calibrating the equipment by concentrations, when the fish are only 
slightly active and the coefficient of catching ability of a trawl changes insignifi¬ 
cantly. 

Fish in schools are sensitive to the approach of a trawl; as a result, the catching 
ability of a trawl can vary over great ranges. In this case, fish readings of an echo 
sounder often do not coincide with catches, as schools move away from a vessel 
and trawl. Only when all schools or a significant part is completely captured by a 
trawl do readings of M trawl correspond to catches. As a result, the dispersion of values 
of the equipment constant under the schooled distribution can be great. 

A significant variation of values of the equipment constant can occur with 
vertical migrations, when the target strength and echo intensity from fish concen¬ 
trations vary greatly because of the inclination of fish bodies and their swim bladders. 
In this connection, it is not recommended to carry out a calibration during vertical 
migrations. 

9.2 SURVEYS OF COMMERCIAL RESOURCES 

A survey of resources with the use of the electronic attachment is conducted on 
either one or several fisheries vessels, which are diverted for a short time from the 
commercial operation. If a survey in a designated region is supposed to be carried 
out without any preliminary investigation, it is necessary to first become familiar 
with fishing conditions by radio transmissions. Several transects are made; the 
acoustic equipment is calibrated by catches. 

To ensure that survey results characterize the state of commercial resources, 
efforts are exerted to carry out a survey during the maximal fish migration into a 
designated region. It is best to determine this time by preliminary passing observa¬ 
tions. 

The tactics on a commercial vessel are the same as on a scientific one (see 
Section 7.1). A series of transects is designed and conducted in a designated region 
according to the standard acoustic method; integrator readings are taken for the 
determined unit of sampling distance along the path of a vessel; average values of 
the area density of concentrations are determined; plane tables of the density distri¬ 
bution over the area are drawn; and values of the quantity and biomass of commercial 
concentrations are calculated. 


* In contrast to concentrations within the water column, concentrations near the surface or at the bottom 
are only partially registered by an echo sounder; therefore, the accuracy of calibrating and estimating 
such concentrations is significantly lower than that achieved regarding concentrations situated within the 
water column (similar to the use of the standard method). 
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It should be noted that, in carrying out a survey on a fisheries vessel, in contrast 
to the research variant, trawling is more frequently conducted to specify the correct¬ 
ness of the calibration of the equipment. 3 Specifications of the equipment constant 
are required for a changeable character of fish registration on the echogram. Espe¬ 
cially frequent corrections of the calibration are necessary when fish keep within 
the bottom layer. 

9.3 PASSING OBSERVATIONS 

To control the state of resources in a fisheries region, passing observations are carried 
out in addition to surveys. Such observations should not divert the fishing operations 
of a commercial vessel. Observations of the state of resources during the fattening 
are conducted within periods when the bulk of the fish gather in a traditional 
commercial region. Observations are also undertaken during the mass fish spawning. 
In the indicated cases, under mass migration, fish gather into rather dense commercial 
concentrations; the fisheries fleet operates on these concentrations. 

It has been mentioned in the previous chapters that the time of mass fish 
migration to a region depends on their biological state and weather conditions. Taking 
this fact into account, in carrying out passing observations it is necessary to accu¬ 
mulate the fisheries, ichthyologic, physical, and other information within traditional 
regions, during different seasons, in order to specify the influence of various factors 
on the intensity, area, and duration of fish motion. 

Observers study the information on catches and regimes of operation of the 
fisheries fleet by radio transmissions. Using the information received by a radio, 
observers fix on a plane table the location of fisheries vessels and their catches, 
reduced to one hour of trawling. When a great density of fisheries vessels exists, 
vessels operate along parallel courses. In this case, plane tables of the location of 
parallel tracks of trawling are drawn. Plane tables provide an idea about the distri¬ 
bution, dimensions, and commercial significance of concentrations caught by the 
fleet. 

Observers receive diverse ichthyologic information from trawling catches. A 
species, length, age, sexual, and weight composition of fish concentrations, the stage 
of maturity, the fattiness, the stomach content, the food composition, and other 
indices are determined from ichthyologic samples. 

Observers collect the echo sounder information on the fish distribution during 
trawling, local searches, and passages. As a result of these observations, the following 
information is determined: how fish keep in a region (dispersedly, in schools or 
concentrations); what the extensions of fish concentrations are by area and depth; 
at what depths they are distributed; what the vertical and horizontal migrations are; 
how fish are redistributed in the course of migrations; and so on. Using an electronic 
attachment to the echo sounder, the volume and area densities, as well as the 
commercial significance of fish concentrations, are found. In determining the area 
concentration density during passing observations in traditional fisheries regions, it 
is possible to calculate the biomass of concentrations. 

Oceanographic observations are carried out only during the non-fishing times; 
for instance, at night if there is no fishing or while repairing a trawl. Then, 
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oceanographic stations are conducted with the measurement of temperature, oxygen, 
plankton, and other environmental characteristics at various depths. Observers also 
receive oceanographic information in a region from the meteorological service and 
satellite remote sensing of the surface layer of the ocean. 

Results of a multidisciplinary passing observation are used in forecasting the 
state of stocks. For this purpose, measured parameters of fish concentrations are 
linked with biologic indices of fish, productive and nonproductive generations, 
climatic conditions, and so on. Analysis of the enumerated factors allows one to 
make a judgment about possible variations in stocks for a future time period. 

Unfortunately, it is only possible to successfully carry out passing observa¬ 
tions on fisheries vessels irregularly, episodically. The drastic solution to the 
problem of the regular control of commercial resources in the main fishing regions 
will become possible, in our opinion, only as a result of organizing and inculcating 
economically justified, long-term passing observations on fisheries vessels. 

9.4 LONG-TERM PASSING OBSERVATIONS 

It was mentioned in Section 8.2 that long-term observations of fishing conditions in 
a region of operation of the fisheries fleet allow for revealing tendencies in the 
dynamics of the distribution of fish concentrations. Based on such observations, 
plane tables of the redistribution of fish concentrations have been successfully 
drawn. 4 Regular transmissions to fishermen of the forecasting plane tables with 
corresponding recommendations have significantly increased the catches of the 
commercial fleet. As a result, the exploitation of the scientific vessel, used for the 
observation of fishing conditions, was more than compensated. 

It is clear that the work of a fishing vessel with observers in the regime of 
estimation of fishing conditions will also be profitable. It is the most expedient 
method of carrying out such works in traditional regions on a flagship or head¬ 
quarters vessel; in this case, it is easier for observers, with the help of a manager 
of fisheries, to receive by the radio more reliable and detailed information from 
fishermen. 

Working in the mentioned regime, observers elucidate peculiarities of fish dis¬ 
tribution and behavior with the help of acoustic measurements. They measure the 
volume density of fish concentrations with the electronic attachment to an echo 
sounder. The retrospective values of the coefficient of catching ability of a trawl, 
received on a scientific vessel, are used. Graphs of vertical sections of the volume 
concentration density, received through multilayer integration at various depths, give 
some idea about their structure (see Figure 7.1). 

In solving operative tasks, it is useful to estimate fish concentrations from the 
point of view of their commercial significance. It might also be helpful to measure 
the commercial significance of concentrations by several channels of integration at 
different depths. A graph of the distribution of commercial significance by depth is 
plotted in exactly the same way as is done in conducting a vertical section of the 
volume density. Such a graph allows for recommending optimal horizons of fishing 
and the opening of trawls (see Figure 8.2). 
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The regular treatment of data on the location of fishing vessels and their catches 
provides the possibility of constructing a series of plane tables of the distribution 
of fish concentrations at places of operation of the commercial fleet (Figure 9.2). 
Analyzing a series of plane tables and graphs in time, it is possible to follow the 
dynamics of the variability of fish concentrations. It is important to know this 
variability in preparing forecasts of fishing conditions and forecasting plane tables 
of the distribution of fish; the direction, speed, and intensity of their motion; possible 
catches; and so on. Data on the distribution of fish concentrations, on tendencies in 
their displacements, on forecasting productive areas, as well as other useful infor¬ 
mation, are supplied to managers of fisheries. 

Taking into account the self-repayment of the long-term exploitation of a fishing 
vessel with observers, carrying out investigations of the variability of the fish dis¬ 
tribution, biomass, and quantity in relation to environmental parameters becomes 
more realistic, all the more that it is possible to conduct such works in parallel with 
observations of fishing conditions. 




FIGURE 9.2 The plane table of the location of the fishing vessels during various times of 
fisheries: Top: the end of the first month; Bottom: the middle of the second month. Both plane 
tables show the same sections of water area. The points show the location of fishing operations. 
The numbers indicate the following values of commercial significance of concentrations: 1, 
more than 3 tons/hour; 2, more than 5 tons/hour. 
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9.5 ANALYSIS OF RESULTS OF OBSERVATIONS 

An important quality of long-term passing observations in a region of the fishing 
fleet operation is the possibility of studying the mechanism of redistribution of fish 
concentrations. The extension, density and structure of the concentration, and the 
depth of item habitation are estimated in the course of such observations. Carrying 
out of such observations during a commercial season opens up the possibility of 
following the dynamics of changes of these parameters in time, linking them with 
environmental conditions. 

Such investigations should be carried out in especially great detail within a 
period of intensive fish migration to a region, when the fisheries are actively under 
way. It is possible to make a judgment about the approach of the period of mass 
fish migration by sensing the increase in the density of fish concentrations and their 
horizontal and vertical dimensions; in this case, catches of commercial vessels grow 
accordingly. In the course of such observations, average catches of fishing vessels 
are determined from radio transmissions: areas of concentrations from echograms, 
and their volume density with the help of the electronic attachment. 

The dynamics of the variability of fish concentrations in time can be represented 
by a graph of changes of the general area of concentrations and the average value 
of their density, as well as catches. It should be taken into account that catches and 
the volume concentration density strongly depend on the character of the fish dis¬ 
tribution and are comparatively weakly connected with the area of concentrations. 
Thus, under an identical general biomass of concentrations, catches may be light if 
fish keep dispersedly over a large area; and, in contrast, heavy catches can take place 
when fish form dense concentrations over a small area. Therefore, temporal maxi- 
mums of catches and general areas of concentrations do not often coincide on the 
graph. 

A graph of the temporal variability of catches, the density, and the area of fish 
concentrations is shown schematically in Figure 9 . 2 . The curves are given in a 
smoothed form in the graph. It is known that synoptic cycles, the biological state 
of fish, and other factors affect the value of the density and area of concentrations, 
well then the values of catches. Long-term observations will allow for establishing 
the regularities of such variations. 

The curves in this figure give an idea about the beginning of the mass fish 
migration to a region, the duration of the existence, and the rate of variability of 
fish concentrations. In addition, in using the graph, it is possible to determine the 
time of the maximal fish migration to a region, as well as the degree of the noncor¬ 
respondence of the maximal values of concentrations densities, area, and catches, 
and the reasons for such a noncorrespondence. It is important for the objective 
estimation of the state of commercial resources under investigation, as well as for 
the comparison of such estimates by seasons and years, taking into account envi¬ 
ronmental conditions. 

In the course of carrying out long-term observations, it is necessary to contin¬ 
uously determine the averaged values of concentration density, area, and catches, 
following their variations in time. It is known that the abrupt decrease of the 
mentioned values foretokens the disintegration of concentrations and mass fish 
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FIGURE 9.3 The dependence of the following parameters of fish concentrations on the 
duration of observations: 1, catches; 2, volume density; 3, area. 

migration to another region. It is possible that the study of the variability of con¬ 
centration density and area, as well as catches in a traditional region during various 
commercial seasons, will permit estimating more precisely their allowable values, 
the decrease of commercial resources below which can lead to overfishing. 

Knowledge of dependences of fish distribution on various environmental factors 
is necessary for forecasting and regulation of commercial resources. The point is 
that the accuracy of the biostatistics, virtual population, and other methods of 
forecasting stocks of fish, based on the reconstruction of the quantity of generations 
of commercial resources by age composition of catches, depends on the degree of 
study of biological regularities of the variability of fish concentrations in response 
to environmental conditions. 

Long-term ichthyologic, physical, and other passing observations, carried out 
on fishing vessels according to the standard method, provide a possibility to elucidate 
and to specify the influence of environmental conditions and fisheries on the char¬ 
acter of the distribution of fish concentrations. In this sense, estimates of the density 
and biomass of concentrations with the help of the electronic attachment play a 
significant role. As such investigations in traditional commercial regions develop, 
the accuracy of forecasting resources will grow, and it will become possible to make 
timely forecasts of either the decrease or increase of stocks and to more reliably 
design the fisheries withdrawal. 

It should be noted that, with the wide use of the electronic attachment on 
commercial vessels, it may be possible to regularly automatically translate measured 
values of the density of concentrations, on which the fishing fleet operates, together 
with current coordinates of a fishing vessel, the depth, the value, and assortment of 
catches, from commercial vessels to a shore computer center (see Section 8.5). A 
complete treatment and analysis of these data will allow for following variations of 
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commercial concentrations, comparing variations by seasons and years. This is 
necessary to correctly regulate the fisheries in a region under observation. 

In anticipation of this, we consider that, as the electronic, information, and other 
techniques improve, they will be more and more widely used by the commercial 
fleet. It can be stated with assurance that the time will come when the equipment 
for determining the density of commercial concentrations will be a part of every 
fishing vessel. This will provide the tools required to solve the problem of estimating 
and controlling the biological resources of the World Ocean. 

Receiving data on the density of commercial concentrations at places of oper¬ 
ation of the fishing fleet and translating these data to shore computer centers will 
allow for receiving a simultaneous picture of the distribution of the biomass of 
concentrations in commercial regions without carrying out expensive acoustic sur¬ 
veys; it will become possible to continuously monitor biological resources of com¬ 
mercial regions on a global scale. In the course of such a control of the state of 
stocks, it will be possible to follow the level of the biomass in traditional commercial 
regions. If the level of the biomass in a controlled region does not correspond to a 
standard, a scientific vessel will be directed to such a region for carrying out 
multidisciplinary studies, elucidating the reasons, and subsequently taking the 
required steps. 
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